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ERRATUM 


page 2 line 17 "This chapter covers..." replace by "They cover. ." 

page 5 after equ. (II. 6) : "conventional" replace by "convenient" 

page 6 after equ. (II. 9), line4: ..., that they must either... 
replace by "..., that the roots must be either...." 

page 6 equ. (1.11): 


F(s) F(-s) 


ее ее е е е е е Е(5) Е(-5) 


раде 11 equation (unnumbered): Рұ = Р, = 
Е(5) E(-s) =у1. 2426 (s? 4 ps + а) / 1. 2426 (52 - ps ч) 
E(s) E(-s) 


page 20 equ. (1.8): 4 & + 66. РЕДАТ 


page 26 equ. (IV. 14 and 15): in all expressions, replace the letter "i" 
by the numeral "1", 


page 35 Add to the text: 


Since then, the program has also been made operational at 
several computer centers in the USA. 


(Note: During recent months, errors were discovered in 
SYNTH2 in connection with the removal of pole-quadruplets. 
These have been corrected. As of this date, Nov. 1975, 
the latest version which is believed to be error-free is 
operational at TUCC ( = Triangle University Computing 
Center, Research Triangle Park, Raleigh, N.C.). A 

tape copy of the program can be obtained from N. C. State 
University. Department of Electrical Engineering, Raleigh, 


N.C. 27607. 


page 38 Add the final network configuration: 
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Erratum (cont’.) 


page 48 Move equation(V.14) over to the right such that the equal sign lines up 
with the vertical above 

page 60 equ.(V.36): Enclose both expressions to the right of (A) in matrix brackets 

page 75 Last paragraph, line 2: 


Therefore, if a characteristic function behaves in a certain way along the 
imaginary axis of the s-plane, it will display the same behaviour along the 
real axis of the s,-plane 


page 83 2™ paragraph: For n=k, it is possible... 
page 84 Equ. (V.84): 
C; E С; = 
page 98 In the figure, indicate a normalized generator impedance’’1”’; also, in equ. 


(VI.28), replave V1 by V}. 





page 100 After the expression z11 = ..... , insert the sentence: 
Z,, pertains to the left hand configuration , z» to the right hand 
configuration. 

page 102 In the normalized LC-circuit indicate the terminations as “1” on the left 


hand side, “0” on the right hand side 


page 105 2™ paragraph, line 6: “two-parts” — replace by “two-ports” 

page 108 2™ line from bottom: “Bruen”- replace by “Brune” 

page 113 Line 6 : *They should be considered at least for some of the sections in an 
otherwise..." 


2™ paragraph, line 9: strike out the word “Consequently”. 


page 118 Line 7 : insert a comma before 0), 


I. Introduction 


l. Background and scope 


The design of electrical transmission networks began to plav an increasingly 
important role ever since people tried to use well understood electrical pheno- 
Historically first in this 


The 


mena to transmit messages, including the human voice. 
effort were transmission networks composed only of inductors and capacitors. 
design methods for these transmission networks, known as "image parameter methods" 
were derived from the theory of transmission lines. Some of the notations of 

this theory, for instance the use of hyperbolic functions, have been carried 

over to modern design methods. 

The early design methods began to disappear gradually as much more powerful 
design methods were published about the year 1940. However, because these new 
methods required a large number of calculations which had to be carried out with 
high precision, they did not make their breakthrough until computers came to 
their rescue. Now these computers are available and in wide-spread use and, 
therefore, the old theories are almost forgotten. 

For a long period, the field of transmission networks was dominated almost 
entirely by circuits composed of capacitors, inductors and transformers only. 

Also included in this field can be transmission networks which contain mechani- 
cal resonators such as quartz crystals, because an equivalence can be establish- 
ed between such resonators and electrical circuits. 

For a number of reasons, lossless transmission networks are now in competi- 
tion with other devices which can accomplish the overall objective by different 
means. These are the devices known as "active filters" and "digital filters" 
which in some applications can outperform conventional LC devices. However, the 
design theory and methods for LC devices will maintain their importance for the 
following reasons: 

(a) In a majority of applications, LC networks still offer the most economi- 
cal and reliable solution. Modern components, for instance high quality 
ferrites and miniature capacitors, make this possible. 

(b) Suitably designed LC networks can often be the basis for networks 
containing no coils or only a very few. These sometimes unsuitable or 
undesirable components can be replaced physically by devices such as 
quartz crystals or active-RC gyrators. 

(c) The design concept for LC networks can also easily be modified towards 


the d-sign of either active-RC filters or digital filters. 


These considerations justify a closer study of the design methods for LC networks even if 


one contemplates transmission networks of a different type. 


The synthesis procedure for transmission networks is carried out in two consecutive 
steps. The first step, called "the approximation" is a strictly mathematical task to determine 
suitable rational functions of a complex variable. These functions are related to the transfer 
performance of the transmission network. The name "approximation" implies that 
deviations from a desired performance must be expected and, therefore, realistic tolerance 


limits should be applied. 


Because the transfer performance is related to certain rational functions, the 
mathematical task consists of selecting a suitable set of poles and zeroes for these functions, 
and a constant. This task is common to all types of networks regardless of the network type. 
With these functions the second step in the design can be carried out. It is commonly termed 
"the realization", implying the realization of suitable circuits. The pertinent procedure 


depends entirely on the desired network type. 


The following sections contain a concise summary of the design based on synthesis 
methods. This chapter covers the approximation and the realization of conventional LC 
circuits. In order to avoid duplication with available publications in this field, reference will 
be made to some of the most commonly used text books and references. The theoretical 
expositions will be followed by rather simple demonstrative examples for which the 
calculations are easily carried out numerically with desk calculators or even with the slide 
rule. For more complicated examples, reference will be made to an existing computer 
program "SYNTH" which is available from the North Carolina State University, Department 
of Electrical Engineering, Raleigh, N. C. This program vas developed as an aid for a graduate 
coutse on the design of transmission networks. Its purpose was to teach students to make 
reasonable choices of pole and zero patterns to satisfy typical practical applications. Because 
the computer eliminates the need for rather cumbersome calculations, the student can spend 
more time on the creative aspects of the problems. The close agreement between calculated 
and the measured results never failed to convince the students of the value of synthesis 
methods. In combination with published parameter tables, the program can also become a 


powerful design tool for many applications. 


For tutorial reasons, the derivations and the discussions are all carried out in the 
conventional s-plane. However, even with simpler networks the accumulated errors during 


calculations may make the results either highly inaccurate ot even worthless. 


Therefore, the critical calculations must be performed with 
sufficiently high precision. These precision requirements can be reduced consi- 
derably by a method known as "z-plane transformation". A brief outline of this 
metaod concludes the discussion of conventional LC filters. 

Over many years and by many experts, the methods presented in this chapter 
have been found to be extremely useful for the design of transmission networks 


regardless of complexity. Because the results are highly reliable, the designer 


can with confidence predict the results, and have the assurance and the satis- 


faction that the transmission network will work as predicted. However, one 


should not accept just any results from the computer as the one and only answer. 
Unlike in network analysis, there may be several, hundreds or even thousands of 


correct solutions to a given problem. Network synthesis is one field where 


ingenuity, and also experience, has considerable weight. The proper selection 


from many possible solutions separates the excellent and good from the average 


and bad designer. The final criterion on the success of a solution will be its 


acceptance by the customer and its reliability in the system. To be successful 


in both requires more than a computer. 


2. Normalization р 
Throughout this chapter, normalizations of frequencies, impedances and 


delays will be used in a slightly different manner than in most textbooks. For 
this reason, a concise summary on this subject is necessarv. 
Let Z = R + 101 + =. С 0) 
jwC 
be an arbitrary impedance. Furthermore, let 
€ 

Ref be an arbitrarily chosen reference resistance 

Гер be an arbitrarily chosen reference frequency 
such that 

Е = Qf ыш w= 9 СТЕ p) О af (1.2) 


where "Q" is called the normalized frequency. Ву dividing both sides of 


equation (1) by R o£ it becomes 








Z R ; 0 ер I 
= + ja. — (1.3) 
R ref R ref R ref J о O ref CR ref 
z=r+ 1420 + .4 
J Ос (I.4) 
with 
L is 
/ - — ا‎ = _ (I.5) 
L ç O ref 
C 1 
C — А gg 
C, К, О ref 


In equation (I.5) the small case letters z, к, Û, c are normalized 
quantities of the impedance, the resistance, the inductance and the 
capacitance, respectively. All are dimensionless quantities. The 
and C 


to the primary reference quantities R,, and f,, as shown in equation 


quantities L are derived reference quantities and are related 


f Е 


(1.5) As these, they are dimensioned factors of proportionality 
between the normalized and the actual circuit components. They also 
contain the factor “2л”. In practice, this method of normalization and 
the inverse de-normalization is less confusing than others. A 
demonstration will be given after the first numerical example in the 


next subsection. 


II. The Power Transfer from a Generator into a Complex Load 


In this subsection, a detailed study will be made regarding the power 
transfer from a resistive generator into some complex impedance. 
According to the Helmholtz-Thevenin principle, the generator can be 
represented as an ideal voltage source in series with the internal 
impedance of the generator R. It is capable of delivering a maximum 


power Р. 


x 


P = |У,|%/ AR = Pref (II.1) 
into a matched load, (see Fig.II.1, part A.). As indicated in equation 
(II.1), this maximum power will be used as reference power P,, in all 


considerations regarding power transfer. 


1. Reflections 


For arbitrary terminations, consider Fig. II.l, parts B and С. In part С 


the complex load is replaced by a matched load and an auxiliary voltage source 








Ve: Postulating that the currents are equal in both arrangements lead to 
— R = Z — 
V = Y oru Бу. (II.2) 
i _ Z 
nm p = Š (II.3) 
Rc Z 


The quantity p is called: reflection coefficient. Part C of Fig. II.l 
represents two resistive generators connected back to back. Because of the 


superposition principle of linear circuits, the two sources may be considered 


independently. 
Power transfer from Power transfer from 
left to right: right to left: 
2 2 
p №” р = oel? 
ref 4 R r 4 К 
ref ref 


P. is called the reflected power. The net power from left to right is the 


transmitted power Pie 


= _ = m 2% 
Ft u "ref J^ Р есі le] ) Ete) 


By definition, 


P 

Transducer loss A, (dB) = 10 log,, —& = -i0 log,, (1 = |0|2) (11.5) 
کک‎ Ut 10 P. 10 

Return loss A (dB) = 10 log Pref _ -20 log lol (II.6) 
— r 10 P, 10 


The transducer loss is a conventional measure to express the power into the 
terminating impedance and, eventually, through the transmission network. The 
return loss is a convenient measure to express the matching condition at the 
interface: generator - load. The better the load matches the generator, the 
smaller is the reflection coefficient and the higher the return loss. For 


instance, 26 dB return loss is about equivalent to a complex load which deviates 


not more than 10%, absolute, from the generator impedance. 


2. The Transfer Polynomials 


Let the generator impedance be chosen as R then 
| А 
R-Z R 1-2 
p —. =" woos. (II.7) 
R+Z Z 1+z 
1+ — 
R 
Furthermore, let the normalized impedance z 
< = Z(S) = СРД (128) 
а (s) 
be a positive real function ([VA-1],pag.78), with n(s) and d(s) 


representing its numerator and denominator polynomials, respectively. 


Then, from equations (11.7) and (11.8) 
 l1-z(s) d(s)-n(s) _ F(s) 


тата) Жез 500 (11.9) 


Because z(s) is positive real, 


(a) The denominator polynomial d(s)+n(s)= E(s) must be a Hurwitz 
polynomial, i.e. a polynomial with roots only inside the left half 
of the s— plane. 


(b) The numerator polynomial d(s)-n(s)= F(s) may or may not be a 
Hurwitz polynomial. One can only conclude that its coefficient must 
be real and no statement can be made regarding its root pattern 
except, of course, that they must either be real, or at the origin, 
or in conjugate complex pairs. 


Expressed in terms of these polynomials 


| l-p  E(s)- F(s) 


Z = 
l+p E(s)+ F(s) (II.10) 


Furthermore, for the magnitude of p along the imaginary axis, i.e. for 
s = jQ , one finds 
dup F(s)* F (s) 
(О) = 
E(s)* E (s) 


wOF(s)* F(-s) 


nie c Es ex 


(II.11) 








s= JQ 


where the asterisks indicates the conjugate complex of the respective 
functions Also, for s-jO , F*(s)- F(-s) and E*(s) = E(-s). 
Substituting equation (II. 11) in equation (11.4) yields 


E(s)E(-s)-F(s)F(-s) 
s=ja ` ref E(s)E(-s) s= jQ 





P (j0) = P, 1 EC 


BCs)? ECS) 


Pref (E:svE\-s) = PAS)FA-S 4 


E(s)E(-s) 
51) 
= Р ef P(s)P(-s), 
E(s)E(-s) 
10 (11.12) 
with P(s) P(-s) = E(s) E(-s) - F(s) F(-s) (11.13) 


Substituting the expression P(s) P(-s) for the right side of equation (II.13) 
is justified only if the even polynomial on the right side can be separated 
in this manner. This implies that its root patternhas quadrantal symmetry 
(which it does) satisfied and also that roots on the imaginary axis are of 
even multiplicity. However, because E. can not change sign for actual fre- 
quencies, i.e. for argument values s on the imaginary axis, such roots must 
necessarily have even multiplicity. The three polynomials E(s), F(s) and 
P(s) will be called "transfer polynomials". Significant for them is 

(a) F(s) is a polynomial with real coefficients. According to equation 
(II.9), its roots are those, in general complex, frequencies for which 
no power is reflected, i.e. relection zeroes. At those, the transducer 
loss is zero. 

(b) P(s) is also a polynomial with real coefficients. In addition to this 
it must also be either an even or an odd polynomial which will be proven 
later. According to equation (II.12), its roots are those frequencies 
for which no power is transmitted, i.e. the transmission zeroes which 
will later also be called attenuation poles. 

(c) E(s) is a Hurwitz polynomial. 15 roots are the natural modes of the 
transmission network which will also become apparent later. 

In order to be compatible transfer polynomials must satisfy equation (II.13) 


which is conventionally written in the form 
E(s)E(-s) = F(s)F(-s) + P(s)P(-s) (II.14) 


The compatibility of transfer polynomials with a high precision is very 
important for any subsequent realization of LC networks. To determine 
the third polynomial when two are specified is usually responsible for an 


essential portion of the calculations. 
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Figure III. 2 The normalized Input: 2 of the Transmission Network 





Normalized Denormalized 


Figure Ш. 4 : Transmission Network with Equal Terminations 


3. Transfer function and characteristic function 


By means of equations (II.5) and (II.12), the transducer loss can also be 


expressed in the form 


E(s)E(-s) 
| Pref = 10 log ar 
А (dB) = 10 — 8 = 
į (dB) logig 5 10 P(s)P(-s) 5=30 (11.15) 
А (dB) = 10 log. „Н(5)Н(-5) (11.16) 
Е 10 Е 
ѕ= 14) 
where by definition 
H(s) = — M CELO) 
P(s) 
H(s) will be called "transducer function". Obviously, 
Pref 
> > 1 yields H(j2) > 1 (11.18) 
t 


\ 
Alternatively, with equations (11.14) and (11.15), the transducer loss can 


be written in the form 





A, (dB) = 10 log  F(s)F(-s) + P(s)P(-s) 
P(s)P(-s) 510) 
А (dB) - 10 logig (1 + K(s)K(-s)) 
в j (II.19) 
where by definition 
K(s) - F(s) (II.20) 
P(s) 
K(s) will be called "characteristic function". 
From equations (II.16) and (II.19) one obtains 
H(s)H(-s) = 1 + K(s)K(-s) (II21) 
or K(s)K(-s) = H(s)H(-s) - 1 (11.22) 


Any transducer function which satisfies equation (II.18) can always be related 
to one or several characteristic functions. Obviously, the zeroes of the right 


side of equation (II.22) form a quadrantal root pattern. 


Furthermore, roots on the j-axis must have even multiplicity because: 
H(jO)* H(-jQ) -120 


Therefore, it is possible to separate the zeroes into two sets which 
are the image of each other with respect to the imaginary axis. This 
Separation may be possible in more than one way. There are as many 
Characteristic Functions as there are ways to select different sets of 
roots for K(s). The conditions imposed on the Transfer Polynomials in 
combination with equation (II.18) are also sufficient to assure a 
realizable input impedance 2. 


Proof ([CA-1], pg.427) 


F(s)/E(s) is analytic in the entire right half plane including the j- 
axis as the boundary. Therefore, according to the maximum modulus 
theorem, its maximum must occur on the boundary. An upper limit for 
this maximum is obtained from equations (II.14) and (II.18) in the 
following way: 


























I Е (s)E(- s) = Јо 
F(s)F(-s) "T" P(s)P(-s) 1 1 1 
E(s)E(-s) Ја БА УЕ жу eem H (5)Н (=s) a 
Consequently, 
,_ ЕО) 

E (5) _ р. (ЕС) = F (s) _ 
š ТЕС oa = Re FOO js = Re (2080) |, 

E(s) 


2(в) satisfies therefore all conditions for a positive real function 
and is realizable. 


For later use it is also necessary to express the quantities V, and I, 
from Fig. II.1 part B, in terms of H(s) and K(s): 


Z V 27 2 256 








! RIZ 2R+Z 7042010 


1 V, 2R 2 
от = — =] , ——— 
+Z 2RR+Z 1+ z(s) 








10 


Substituting the expression of equation (II.10) for the normalized impedance 


z(s) yields 
V =ү E(s)-F(s) _ y H(s)-K(s) 


1 ref E(s) ref H(s) (11.23) 
_ E(s)+F(s) _ Н (в) +К (в) 
^ ` "ref E(s) p ШТ”; H(s) (IL. 22) 


In these expressions, Var and I ef are reference quantities according to 


Fig. II.l, part As 


III. The Power Transfer through the Transmission Network 


After having established the quantities Vi and Ii across an arbitrary Z, 
the next logical step is to consider Z - Z, to be the input impedance of a trans- 
mission network (see Fig. III.1). In this figure, the generator is represented 
by Vo and Ri and delivers the power P. into the transmission network. In case 
of lossless transmission networks this power can onlv be dissipated in the load 


resistor Ко" Therefore, 


№ | 2 
ӘРІГЕ. 





t 2 R, 
and A. (dB)= 10 log er 10 10 Erst 
t 10 P 510 P 
t 2 
Vol? 82 Vo | R2 
А (dB) + 10 108,0 aR, |у, |? = 10 15510 2; + 10 10810 к. (III.1) 





For specified transfer properties of the transmission network in Fig. 111.1 the 
network must have the proper input impedance. According to previous considera- 
tions, such an impedance can be designed from suitable selected functions H(s) 

or K(s). Once this is accomplished there are a number of ways of realizing the 
resulting impedance. The realization methods by Bott-Duffin and Miata ([VA-1] 
pgs. 173-182) must be ruled out because the resulting networks contain in general 
several resistors which dissipate the input power. Suitable is the realization 
method by Darlington ([DA-1]) which yields the configuration of Fig. 111.1. Also 


suitable is the method by Brune. Both methods will be discussed in detail. 


11 


1. The two-port parameters of the transmission Network 
(Darlington Method) 


The object of this subsection is to derive the two-port parameters of 
the transmission network and to express them in terms of the transfer 
polynomials. The starting point is equation (11.10) for the normalized 
impedance. It can be written in the form: 


E(s)-F(s) (Е,-Е,)%(Е,-Е,) т +n, 


= = (III.2) 
ЩЕ) (E +P + (E qd) m;t, 


Zin (s) Е 


where the indices “е” апа "o" indicate the respective even and odd 
parts of E(s) and F(s), and m1 and m2 the even parts, n1 and n2 the 
odd parts of the numerator and denominator, respectively. 


For z, in the network of Fig. III.2, in which all impedances are 
normalized, the following expressions can be established: 


"m 1 

Же EP um 

11 11422 12 22 22 
= o Tu oct [PTT $5 

TZ» T£» TZ» 


In order to relate equation (III.2) to (III.3) its terms can be 
rearranged in two ways: 


n m 
1+ — 1+—- 
т т п п 
Zi = -* ! or ج‎ Lok | (III.4) 
m m n 
ur qu 2 1+ 
n; m, 


By identifying related terms of equation (III.3) and (III.4) one 


obtains the following mixed set of two-port parameters: 


211 222 22 


case А m1/n2 m2 /n2 ml /n1 





According to their structure, z22 and y22 are necessarily realizable 


reactance functions because the numerators and denominators of these 
functions are the even and odd parts of a Hurwitz polynomial. The 
expressions for zll are composed of the even and odd parts of two 
different Hurwitz polynomials. However, it can be easily shown that 
they must also be realizable reactances as long as zin is positive 
real, ((МА-1|, pgs. 402-407). 
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Figure III. 3 
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the numerator 


-[E(s)E(-s) - F(s)F(-s)] 


у 2 

= [SP (8)] 

is a perfect square if 
P(s) is an odd function 


Thus : 


P (s) 
Е + Е 
е е 
_P (s) 
E - Е 
е е 
"11 ae И 22 
219 P (s) 
E - F 
zi е е 
219 Р (а) 
1 _ b. + F. 
212 Р(5) 
222 Е und 
Z1» P(s) 
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+ ІзР (в)! 


is а nerfect square if 
P(s) is an even function 


Thus: 








Table for the Two-Port Parameters for Equally Terminated 
Transmission Networks. 


Ihe next question which must be answered is: are these mixed sets of 
two— port parameters compatible? This question can be answered by 
finding the expression for the missing parameter 212. One of the 
relations between two-port parameters, namely: 


2 <11 
J22 
Yields for case A 
wu" du NC 
19. 77 
ni 2 2 
1 
Thus Z9 „mm, un, (III.6) 
И 
2 


In the radicand of equation (III.6) one may substitute the 
corresponding terms in equation (III.2) and obtain 


(Е-Е JE, + F.)- (E, - F, JE, + F,) = JE(s)E(—s)— F(s)F(-s) 





mm, — ñ ñ, = 


And in combination with equation (II.13) 


mm, —n,n, —4jP(s)P(—s) (III.7) 


In order to arrive at a rational function for 71, ,P(s)P(—-s) must be а 
perfect square which is only possible if P(s) is even. In a completely 
analogous manner the case B leads to the postulate that P(s) must be 
an odd function. The z-parameters in both cases may be used to find 
the expressions for other sets of two-port parameters. Some of these 
are compiled in the table of Fig. III.3. According to the derivations, 
these parameters are related to equally terminated transmission 
networks as shown in Fig. III.4.This fact must be emphasized. 


2. Numerical examples 


A rather simple first example may now serve as an introduction to the 
numerical procedure. The resulting transmission network will be used 
to demonstrate some important design concepts. 


(a) Specifications 


Design a transmission network for a 600 ohm spectrum generator 
to pass its fundamental frequency f, = 12 kHz and to suppress 
the second harmonic f = 24 kHz. 


(b) Normalization 


Arbitrarily, Jet Ir = fi 12 kia and Rer = Ба = DUU Ohms. The 


14 


normalized frequencies are then 


Q, = 1 > s. = j for passing of fi and 


Ю = 2> s, = 2j for suppressing of f,. 


(c) Characteristic function K(s) 


According to equation (II.19), the transmission loss into and through 


the network is 


А, (ав) = 10 logig [1 + K(s)K(-s)] en 


2 2 
+ 8 E 
By setting K(s) + C 6 +O = C — я 


the transmission loss will be O at 2 + 1 (i.e. at 12 kHz, eventually), and 
o at Q = 2 (i.e. at 24 kHz, eventually). In this example the constant C 
is completely arbitrary. It may be calculated such that at any specified 
frequency f. (except f, and Е >» of course) the transducer loss assumes a 


specified value А, = 1.0 dB at 9 = 0. Then 


2 
S +4 0.1A 
С = пет 10 ` 0 - 1 = 2,03 
s“ + 1 а 
s=0 
к. + 1 
апа K(s) = 2.03( ) from which one may identif 

wy: y y 


Ele); = (7# 1) and BO ж 2.03 Feder 


To attach the constant C to the polynomial P(s) is strictly a matter of 


choice. 


By means of the established K(s) the transducer loss can be calculated 
over any part of the frequency range. For (ОФ it approaches 7.09 dB 


(see Fig. 111.5). 
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A, (dB) 


7.09 


‘© 
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Figure III.5 Pole-zero Pattern for K(s) and related Transducer Loss 
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Figure III.6 Locus Curve of z,,(s) of the first example 


(d) Compatibility equation and H(s) 


The next step is to calculate the third transfer polynomial E(s) 


by means of equation (II.14). 


Bs) Bee) за € ¥ 1 ode (а E) 


1.2426(64 + 3.171 s? + 3.929) 


In more complicated cases, one must find the roots of the polynomial on the 
right side and assign those in the left half plane to E(s). However, in 


this case it is simpler to proceed in the following way 


Ets) (сау a 242605 Haste): V 1:2220(8 реча) 


E(s) E(-s) 


From the product of the two parentheses and by comparison of coefficients 


one obtains 


1.982 
0.8906 


3,929 за 
3.171 > p 


2 

q 

2 

2q = p 


Therefore, 


NEED VLC + 0.8906 s + 1.982) 


E(s) = 
E. = 1.1147(s^ + 1.982) , E, = 0.9927 s 
H(s) = E(s) _ _ 1.1147(s^*0.89065*1.982) 
elle? + 4) C-l(s2 + 4) 


2 


H(s) = 2.2628 83° * 0-8906 s + 1.982 


(s^ + 4) 


This such established H(s) is sufficient to realize the transmission network 


as an active-RC device or as a digital filter. 
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(ер Без ion аз en LO овоо 


2 


1.1147 s^ 42.2095 Eo 0.99278 


E = 


With these expressions and the formulas of Fig. III.4, P(s) even, 
one obtains 









Ее _ Fa 0.2338°412.455 
ee 1 
71 = 0.4968 + L 
M | 0.5045 
£..-Z = 1.6335 + е M 
22 12 ` O.801s 
—0.380 -1304 0.80! 1,533 





In the right circuit, numbers below indicate the branch numbers 


Elimination of negative circuit elements 





Norton Transformation (See App. A) 


Г ë, е EN Cire) orb. er Pla. 71 
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Postulating С, + C3/(1-t) = 0 yields (1-t)= С;/ (-С,) =0.504/1.304 = 0.3865 


t- 0.6135 , t^- 0.3764 , (t^-t) = -0.2371 


With these numerical values the circuit becomes 


1,0 1.304 0.1917 -0.1176 2.128 0.631:1 





الس — 
1.0 0.500 0.188- 1.0 


0.376 





(f) Denormalization 


f ,-12kHz , ш + 75.4.10" sec 1 iN = 600 Ohm 
ref ref ref 
Ref 600 1 
КЕ ш. I Row ref ref 
Therefore the actual circuit 
600 
R = 6000 
gen 
L = 0.804 L = 6.4 mH 
ref 
C = 0,821 C ef = 18,1 nF 
R, = 0.376 R ef 2250 





(2) Discussion of the results 


This rather simple example shows some features which are directly related to 


the particular pole/zero pattern of the characteristic function. These features 


for more complicated circuits. Significant for the above 


are significant even 
circuit is the appearance of negative elements and the necessity for an ideal 


transformer if equal terminations are postulated. 
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In the original circuit, the negative capacitor C, is eliminated by a 
Norton transformation with t O.635. As a result both capacitors in the 
series branches disappeared. This is not coincidental. Any remaining 
capacitor in the series branches would cause an attenuation pole at 
S-0 contrary to the structure of K(s) and H(s). Another significant 
feature of the circuit is that the triplet of inductors, either before 
or after the transformation, satisfies the condition for perfect 


coupling, namely 
(211.8) 


Calg СС Cg = 0 
la = -0.188 [в = 0.3043 [. = 0.50 


For se, this triplet of inductors approaches the performance of ап 
ideal transformer. If equation (III.8) were not satisfied it would 

approach an ideal transformer plus some leakage inductance in one or 
both series branches and, therefore, cause an attenuation pole at e. 


This would be also contrary to the structure of K(s) and H(s). 


At s = 0, i.e. for dc , the final circuit represents a through 
connection between the generator and the load. However, the finite 
loss of 1.0 dB at s = O requires either the insertion of an ideal 


transrormef or Ria SR If the reflection zero were placed at the 


n load * 
origin rather than 12kHz, i.e. if the numerator of K(s) contained the 
factor в rather than (в + 1), one can predict Re = В... , without the 
need for an ideal transformer. On the other hand, from equations 
(II.5, II.7 and II.10) in combination with A - 1.0 dB, postulated, one 
can predict that the normalized termination must either be 0.376 or 
its reciprocal. In this rather simple example, it is also possible to 
predict the tap ratio t- 0.378 of the inductance L in the final 
circuit. For , the capacitor becomes a short circuit and the 


transmission network acts as an ideal transformer. 


lim zi, = 0.376 t^ =0.054 
S 
Again, this value can be predicted from А, (~) = 7.09 ав. 


The same transmission network can also be obtained by the realization 


procedure according to Brune ([VA-1], pp 164-172). 


According to equation (II.10) 
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z, (s) _ Е(в)+Е(8) 0.11478" + 0.9927s + 1.2093 
E “ES TFS). е чаи suu uU 
2.1147s^ + 0.9927s + 3.2093 


By simple calculations, 


- a 1.0946+0.9927 | _ " 
2 (9) 0.376, D 1.094610 9927] 1 (refl.zero), Zin (9)2 0.054 


Furthermore, at the attenuation pole 


s 0.7505 + 1.9851 _ , 0.7505 (1*2.645]) _ п 47g 
га)“ - 75.2495 + 1.9851 J 1.985 (1+2.644j) en 


pure imaginary. Therefore, the resulting conventional Brune section will 
contain no series resistor. It will be shown later that this is true in 
general as long as P(s) is either even or odd. The locus curve of z, (s) 


in the s-plane is shown in Fig. 111.6. 
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(h) Exercises 
For the following Characteristic Functions of 2nd degree 


57 s +1 2 
‚ K(s)2C—;— , К(5) = Св , K(s)=C 


$5 + S 52-1 


52 +1 











K(s) = C 


(1) determine the pole—zero pattern in the s-plane 


(2) select a suitable constant and calculate the transducer loss at 


some significant frequencies. 


(3) carry out the realization. 


For the novice in the synthesis field, it is a valuable and convincing 
experience not only to carry out once the calculations by hand but 


also to construct and test the network. 


(1) Practical considerations 


The resulting circuit from the first example is a so-called canonical 
circuit because the transmission network contains the least number of 
elements (counting a tapped coil as one element). In spite of this 
economy in elements, designers quite often avoid sections of this 
type. The major reason is that the actual performance deteriorates 
rather rapidly as the leakage inductance of the tapped coil increases 
([VA-1], pp. 130—182). However, for modern components (like pot 
cores), and tap ratios in the range O.6...1.0, the leakage is very 
small and these sections are quite practical. A final remark: by a 
proper choice of A(0), one can enforce a specified termination. For 


instance, to enforce R2 - 150 Ohms 


600—150 450 
600+150 750 


A(0) = 10log,, = 10log,, 1.56 = 1.9314В. 


(Ој 


600 + = 0.6 


O 
о 
I 


> 
O 
1 


10 logl. 2 = 10410 1.56 = 1.931 dB. 


This attenuation rather than 1.0 dB as above, will result in the 


desired termination of 150 Ohms. 
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IV. Voltage and Current Transfer through the Network 


As demonstrated in the previous numerical example, the parameters of the z- 

or y- matrix are the starting point for the realization of the transmission 
network. Various realization methods will be discussed in greater detail in 
Section VII. At this point, the main objective is to establish the transfer 
properties of the transmission network, i.e. the relationships between the input 
and output voltages and currents. To this end, the chain matrix is the most 
convenient tool. Also, from the structure of this matrix the various network 


types are most eàsily identified. 


1. The transfer function between source and load voltages 





The two sets of parameters of the A-matrix for case A and B can easily 


be combined into only one set by making use of the following identities: 





P(s)=odd 


P(s)= even 


== || eS Ека тата ар aeg up nm men 








Е „/Р (в) 
Е /P(s) (ту. 1) 
Е /P(s) 
е 
Е /P(s) 
Therefore for both cases, 
Y4 8 va] Е. V, _ ee SH SK | Vo (IV.2) 
I = | = P | | _7 ° 
1 “21 "95 1, (HR) ион) 1, 
or in the inverse form 
Va a a | V + бе 
Е ~ wis да На) LUE 4 IV.3) 
2 аа Еј Нк) (ко) т. | К 
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These matrix equations relate the input and output quantities of the 
normalized circuit in Fig. III.4. For the de-normalized circuit, the 
quantities al2 and a21 must be multiplied by R,, and ,,,, respectively. 


Considering also that V2--RI2, the de-normalized equations (IV.2) 
become: 


V, - (H, - KV, - (H, - KJRL, = КН, +H,)-(K, + KJ V, =[H(s) - KV, 
I, =(H - KV, - (Н, + KJRL, = -|(H, +H )+(K + К), = |H(s) + К($) K-L) 


Therefore in Fig. III.4, the transducer functions of the voltages and 
currents at the terminals, H,(s) and H,(s) respectively, are 


V 


Н, (8) =. = HG)- KG) (IV.4) 


2 





H (s) = 1 = H(s)+K(s) (IV.5) 


ELS 


Combining these with equations (II.23) and (II.24) relates V, and I, to 
Va. айа 1. Ob Fige Al. 


f Е 


У 12У, 1, 


Н (s) = (17.6) 
ү, ү, ШЕ 
The power loss A (dB) through the network is obviously 
P Vu i 
A, (dB) = 10log 7 = 10108-7 = 10102 Н (s) * НС), o (IV.7) 


2 2 


which is necessarily equal to At (dB) as defined previously. In the 
chain matrix of reactive networks, the terms of the main diagonal are 
always even, the other terms odd functions of s. Furthermore from eg. 
(ТӨЛ), 


1 
Н (в) = = (а +а„)+ (a, + 411) (IV.8) 


KG) = Каз нај) (an Фан) (IV.9) 


If the network were reversed, the terms a, and a, are interchanged. 
This of course does not alter eq. (IV.8) and, therefore, the network 
displays the same transfer properties as in the forward direction. 
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In the previous example, subsection II.2, 


2 2 
K(s) = 2.03 Бра H(s) = 2.268 Š тор ана 
5 


Therefore, according to equations (IV.4) and (IV.5) 


11 
том _ Vy _ 0.2385 +2.0195+2.465 
| ШАШ т; ва 
| үги 
Sid во +4 


In the final circuit, after the insertion of the transformer, 








V1 
Н, = V. = tH 0.631 H 
2t 
I 
1 1 
H, = = — H; = 1.585H 
it I, t 


2. Phase Shift 


For в-10, the transducer function expresses both a magnitude and a phase 


relation between the source and load voltage. Let 








j ] ІУ.1 
v = |у | 199 ana v, = |v, | еде? (1V.10) 
О о 2 2 
[ e. m , V е 
then H(jQ) = 1/2 Vo _ Ye е (Фо ф2) = 2/2 o 34 (IV.11) 
V V. V 
2 2 2 
where ф = (065-02) (IV.12) 


is the phase difference between the source and the load voltage. 


н (40) 
H(jQ) = Ho (j%)+H (19) = H CIR) [1 + н Gs | (IV.13) 
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Therefore, with the identities (IV.1), for 


(a) P(s)is even 


| Е (АЗ) + Кл 


ф = arctan| — - (IV.14) 
J E,CJQ) 
(b) P(s)is odd 
ф = arctan G9) = arc cot| J C ) — — + arctan oJ 
J E,CJQ) E,(jQ) | 27 J E,CJQ) 
(IV.15) 


Except for the term 1/2n for P(s) odd, the expressions are identical. 
It is significant for lossless transmission networks that the phase 


shift ф depends only on the Hurwitz polynomial E(s), i.e. only on the 
location of the natural modes. It can even be expressed directly by 
the parameters of the factors of E(s). Let 


E(s) = II, (s * a,)II, (s^ + p,s + qv) (IV.16) 


Then ([CA-1],p. 264), 


a 
фе, АНЯ, P tka (IV.17) 
T q, — 


This result is easily obtained by an appropriate factorization of H(s) 
in equation (IV.11). Fig. IV.1 shows typical phase shift curves for 
linear and quadratic root factors. 


The necessity of a phase jump at Q= (9, can easily be understood by 


considering the previous example. In this circuit, obviously, input 
and output are in phase at О-0 апа Q=». ТЕ the phase curve were 
continuous the voltages would be out of phase by 180° at О=®. 


3. Group delay 


The normalized group delay т is defined as the differential quotient of 
ф with respect to O; thus 


2 


= x > 
АО ds dQ E: 
be) 


„1 ,E,E, - E E 
J 





ЖИ 22. (IV.18) 
Е (JO) —E^ (J9) 
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Figure IV. 1 Phase Contributions by Factorsof E(s) 
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Symmetrical networks Antimetrical networks 


Matrix | K(s) = odd | K(s) = even | 
Parameters | F(s) = odd, P = even} = even, P even 
E ща 
— = = - К 
A 5 H, H. A 
u or 
= = H 
B P H K. O 
B + Fo 
О H 
C 5 H + X O 
| 
Е t 
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Figure IV. 2 Two-Port Parameters of Symmetrical ana Antimetrical Networks 
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The actual group delay is defined as the differential quotient of the 
phase with respect to o-2mf, thus 


dó 1 .dó 
t = E Ne T. 
d(27f) 27f ref йо 


Where Tref is the reference group delay defined as 


TE (IV.19) 











Pu (19220) 
27] ref 
4. Numerical example (Subsection III.2) 
E(s) = С(5 + 0.89065 — 1.982) and P(s) is even 
One obtains for the phase shift: 
] 0.89065 0.89060 
ф = arctan| — — —— +k- n = arctan ——— |+ К: 
j 5? 41982). 1.982 -Q 





And for the normalized group delay: 


0.8900” + 1.765 


Qt -3.1710° + 3.928 


(s? 1.982); — (0.89065) 


To obtain the expression for the actual oroup delay, one 
must multiply the normalized delay Бу Tref. 





Tasse Monte) 931320 see; 


5. Network types 


From equations (IV.2) and (IV.3) one obtains for the 


normalized driving point impedances 


at the input: 2 L- M. t H,)-(K, &K,). HG)-KG) у а) 
`" 1 (H,+H,)+(K,+K,) H(sK(s) | 


ү е т Ен ВЫ, НОРЫ 


-L, (H,+H,)-(K,-K,) H(s)-K(s) ыы 
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In general, these impedances will be related only througha.common set of 


transfer polynomials. However, of practical interest are those cases in which 


the following relations exist between the terminal impedances: 


1 2 and 21 z, = 1 


For these special types, K(s) must either be odd or even. 


(a) K(s) = 
in this case 
K = 0 „ K(-s) = K(s) 





Consequently in the A-matrix, aj] = 859 and 
u^ E Wu 
(A) = 
H+K H 
O O e 


Both driving point impedances are 


_ H(s)=K(s) E(s)-F(s) 


2| = Z, = Нук (еу E(sMF(s) 10? = 66) 


K(s) = odd requires either P(s) = odd and F(s) = even or vice versa. 


the compatibility equation (II.14) takes the form 


E(s)E(-s) = +|Е(в) + P(s)][F(s)-P(s)] 


(1V.23) 


(IV.24) 


(1/225) 


(IV.26) 


Consequently, 


(IV.27) 


The two bracketed expressions on the right side have root patterns with mirror 


symmetry about the j-axis. Therefore, either root pattern yields the full infor- 


mation regarding the roots of E(s). One merely has to solve, for instance, 


[F(s) + P(s)] = O 


and to transpose its roots in the right half plane to the left. 


(b) K(s) = even * antimetrical networks 
In this case 


K =0 ,K(-s) = K(s) 
о 
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(ТУ. 28) 


Consequently in the A-matrix, an» = ад , and 


О 


И, H +K, 


му 


H,-K, H | 


Тһе driving point impedances are: 


| .H(s) - K(s) 
 H(s)4K(s) 


1 


1:2. =1 ; and de-normalized: Z-Z, = Кр (А7, 20) 


_ H(s) + K(s) 
> H(s)- КС) 


For the refection coefficient, one obtains: 


1—2, _ К(5) 
152 НО) 


zZ КС) 


= (ТУ.31) 
14-2; Н (5) 














py (5) = and р» (5) = 


From the special form of the A-matrix, one can easily 
derive that for z-matrix and the y-matrix: 


det(z)= ги" Z2 — e =1 


, (IV.32) 
det(y) = y^ У ур 1 
K(s) being even requires that both F(s) and P(s) are even. 
Consequently the compatibility equation (II.14) can be 
written in the form 


E(s): ECs) =[F(s) + JCPGS)]-LF (5) — ХР) (IV.33) 


The two bracketed expressions on the right side have root 
patterns with symmetry about the origin. Therefore, either 
root pattern yields again the full information regarding 
the roots of E(s). One merely has to find those of 

Е (5) + )Р (5) and transpose its roots from the right half 
plane to the left. 
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(с) Allpass filters 


A special type of networks satisfies both the conditions for symmetry and 


antimetry, i.e. K = 0 and K = 9, thus K(s) = 0. For these, 


(а) | ^ ° г = 2„ а] (1V.34) 


According to equation (II.21) 


H(s) H(-s) дето = 1 (IV.35) 
thus H(j%2) = el л. (17.36) 
These networks will only change the phase but not the magnitude of the 
signal (allpass filters) 
(d) Dual Transmission networks 
The dual impedance 244) of an impedance 24 is defined by 
2 
R 
244) - о (1у.37) 
1 2 
1. 
where R is an arbitrary resistor. For R = Ref? the normalized dual 
impedance becomes 
249 .1 (IV. 38) 
1 z 
1 
Starting with the dual of 21 in equation (11.8) yields 
n(s) - d(s) | -F(s) (IV.39) 





p(s) = n(s) + 405) | E(s) 


All subsequent calculations will be identical except for the reversed sign of 
F(s) wherever this polynomial appears. For instance, the chain matrix of the 


dual network is 


(АС) = di. ог (IV.40) 
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Figure IV. 3 Flowchart of a Synthesis Programm 
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6. Computer-aided synthesis 

In most practical applications, the design of transmission networks follows 
the same steps which were used in the rather simple example of subsection 111.2.. 
However, the calculations become considerably more numerous and their precision 
more critical as the complexity of the network increases. For these reasons, 
computers are used extensively in this field. 

In the previous example, the specified design parameters were those of the 
characteristic function. By a suitable selection of its parameters one can 
tailor the transducer loss to the requirements of a transmission system. Other 
transfer performances, such as the phase shift, the group delav or any transient 
response can not be evaluated until the parameters of H(s) have been determined. 
If the specifications include phase, delay or transient response, it is considerably 
more practical to use the parameters of H(s) as the starting point of the calcu- 
lations. However, to find suitable locations for the poles and zeroes of H(s) 
is considerably more complicated than to find those of K(s). 

The procedure by which one finds first a suitable characteristic function 
K(s) and then a compatible H(s) will be called a "K(s)'" design; in the reverse 
sequence, an "Н( 5)" design. The consecutive steps for both procedures are shown 
in the flowchart of Fig. IV.3. A considerable number of steps is identical in 
both procedures. In a computer program, these steps can be carried out bv 
routines common to both modes. Other calculations which are different for either 
mode are rather similar in structure. The pertinent routines in the program may 
be adapted to suit either mode. 

A synthesis program of the described type is available from the NC-State 
University, Department of Electrical Engineering, Raleigh, N.C. it permits the 
complete design of lossless ladder networks starting either with the parameters 
of K(s) or H(s). The high degree of freedom for the selection of poles and 
zeroes makes the program flexible and suitable for unconventional applications. 
In combination with published parameter tables, it can also be used to solve most 
conventional applications. Typical examples will be shown below and also in the 


section for methodical approximation methods. 
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Batch Control 
Input Data 


Approximation only 
Complete Synthesis 


Realization only 


(2 OD 





SYNTH2 


Figure IV.4:Flowchart of N.C.State Synthesis Program 
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Fig. 


program. 


(a) 


(b) 


IV.4 is a flow chart of the major portions of the NC-State synthesis 
Its two essential parts are: 

SYNTHl which contains the calculations of a compatible set of transfer 
polynomials and the parameters of the A-matrix. It also carries out 
from one to four evaluations of specified transfer performances. For 
reference see ([BA-2]). 

SYNTH2 which carries out several realizations of ladder circuits for 
any specified sequence of pole removals. For reference see ([GR-1]). 
As shown in Fig. IV.4, both parts of the program can be carried out 
separately and independently, or in sequence. Appendix B describes in 
detail the data cards for all applications. The program has been 
written almost entirely in FORTRAN IV for the IBM 360 computer. Only 
a small portion is in assembler language. At the time this book is 
written, the program will be available as a service from the CDC Data 


Center in Stockholm, Sweden. 
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Example 


In a single-sideband system, the signal passes first through a 
lowpass then through a modulator and finally through a bandpass which 
eliminates the lower sideband. The modulator and the bandpass are 
fixed 


Lowpass Bandpass 
Modulator 





Carrier 


The losses in the bandpass cause an increase in the attenuation at 
the passband edges: the corners of the passband are rounded rather 
than sharp. Consequently the low and the high-frequency part of the 
input signal will be attenuated more. To compensate for these losses, 
these frequencies are emphasized in the lowpass. 


In the stopband, the lowpass must also suppress a single pilot 
frequency in the range 96-100 kHz by at least 40dB and all frequencies 
above 100 kHz by at least 20 dB. 


The above specifications in combination with tolerances yield the 
following tolerance plots: 


dB 
Мав) foss 
AU ee pul ы 
Passband | 
i ; | 
е او‎ f 





Intuitively, a set of attenuation poles and reflection zeroes was 
selected for the lowpass. After some improvements by trial and error, 
the following parameters were chosen: 


Reflection zeroes: =e 57 = J -80700 KHZ 
Dp t= GT. OU ‘KAZ 
ВО Fs 250 KHz. “To emphas. -Low freg 


| то emphas. high freq. 


Attenuation Poles: 1627945 KHz To achieve sharp slope 
1.50: pem 51208 7 250^ KAZ 


0.0 +/- j 2.50 KHz | To achieve 40dB. Atten. 
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TEST FILTERS G.L.BASS NC-STATE UNIV.-EE 


К (5) -DESIGN 
SPECIFICATIONS 
DEGREE? 6 REFL.ZEROES 0 AT ORIGIN 3 FINITE PAIRS 0 REAL 
ATTEN.POLES 0 AT ORIGIN 3 FINITE PAIRS 0 QUAOR, 
REF FRQ., 25.000 KHZ Аби 2.500 ОВ АТ ГО 25.000 КН2 -0.000 
EVAL. LOSS RESPONSE LOSS RESPONSE PHASE RESPONSE STEP RESP. 
FROM 0.000 KHZ 88.000 KHZ 1.000 KHZ „005 MS 
TO 88.000 KHZ 110.000 KHZ 1000.000 KH2 „060 MS 
OVER A LINEAR RANGE LINEAR RANGE LOGAR.RANGE LINEAR RANG 
WITH 2.000 KHZ INCR. „500 FRQ/DEC. 15.000 KHZ INCR. «001 MS 
PLOT MARGINS 
LEFT 0.000 08 0.000 08 0.000 OEGR, 2.400 V 
RIGHT 10.000 08 80.000 DB 750.000 DEGR. 1.600 V 
50801У. 2.500 08 10.000 08 180.000 OEGR. „500 V 
REFL.ZER. НЕ (KHZ) IM (KHZ) 
Ха -18.75000000 У! = 80.00000000 
Kez 0.00000000 Y2= 2.50000000 
X32 0.00000000 v3z 87.50000000 
ATTEN.PLS RE (KHZ) IM (КН?) 
Als 16.87500000 812 0.00000000 
Ада 0.00000000 822 96.25000000 
A33 0.00000000 83z 99.75000000 
715 UC 1) в .155151695709321 3072650 3468 7620 +00 УС 1) в .22103292164540642548056692465D+00 „133638 24E-50 
600 Ul 2) а .155151695709321307265034687630*00 V( 2) =-.22103292164540642548056692465D +00 „2138211 ВЕ-49 
516 Ul 3) в-.12529825019668108853097658%220»%02 УС 3) а .,564627795261437691010«84201620900 .17737552Е-47 
400 Ul €) »—,125298260146681068530976584370*02 VO 9) и-.56462779526143709101 040422433000 e12795807E-47 
308 Ut 5) в-.10799828312938874%809971611670%02 V( 5) s ,572472671942316871839143073930*01 „12677106Е-35 
THE FOLLOWING ARE THE NORMALIZED ROOTS OF Е(5)Е(-5) IN THE Z-PLANE» 
WHERE 2=$5$9е2. 
Ut 1)= -,1079982831293890*02 Vi 1) = -„5724726719423170|01 
UC 2) з -,107998283129389U*02 vi 2)= -5720726719923170901 
UC З) а -.1252982601466810+02 vi 3)к - 504627 195261438000 
Ut 4) з -.1252982601466810902 vi а) = ,5646277952614380»00 
Ul 5)а .,1551516957097210900 У( 5) х -,22103292164540609*00 
Ul 6)8 .1551516957093210%00 vt 6)3 ,22103292164540609*00 
THE FOLLOWING ARE THE NORMALIZED ROOTS OF Е(5). 
UC 1)а -,8436410451808250*00 vi 1)= ‚ 3392866 775247970*+0 } 
90 2)= -.7973510751481230-01 vi 23: „354064 1 356351450г01 
0( 3) з -.%610871957019890900 vi 3)= .2396866836747570*00 
THE FOLLOWING ARE THE COEFFICIENTS OF Е (5). P(S) AND EIS) LISTED IN ASCENOING ORDER. 
F( 0)» -132330622999997001 Pl 003 -.107516«20225154D«03 Е( 0) в 4485 789251 722590402 
РС |) а .1837499999999980+00 Pl 138 0. EC 1) = 0 159943819976 7820-03 
Fi 294 0 132561 1499999990-03 Pl 2)= .22190685851249980+03 E) 2)= е1965260576277970»903 
Ғ( 3)а 1839000000000000902 Pl З) з 0. Ei З) а e 5059542245301 94002 
Fi 4) .2306249999999990 02 Pl 4)a «3028697499999990 002 Е( 9) ғ .2926249780556670:02 
Ғ( S)= -1500000000000000901 Р( 5)г 0, Е( 5)а 30000655 70053930+01 
Fi 6)= e1000000000000000*01 РЕ 6) = -1000000000000000901 E) 6)= . 1083475981 3346404601 
THE CONSTANT ASSOCIATED WITH F (S) AND Е(5) IS CONST: 23978664611 385250۰01 
THE FOLLOWING ARE THE RESIDUES OF 1/H(S) ASSOCIATED WITH A STEP RESPONSE, 
RESRE( 0) -.999565Е +00 
RESRE( 1)2 -2,302026E*00 RESIM( 1) = .17624 ЗЕ +00 
RESRE( 2) .111525Е-01 ВЕЅІМ( 2) = -457662Е-01 
RESRE( 3) з .167475Е +01 RESIM( З) = -.886873E+00 
THE FOLLOWING ARE THE COEFFICIENTS OF THE NUMERATOR OF THE ABCD PARAMETERS, THE DENOMINATOR 
OF EACH OF THESE PARAMETERS IS P(S). 
Al 0) з 2Д935345862672260%902 BL O)= 0. ct 0)= 0. Ос 0)= 2961811987672260»%02 
AC 1)= 0, Bt 133 .159760069978780903 Ct 138 .,160127569978780*03 DI 1)= 0. 
Al 2)а 639653076277990е:02 В( 2)= 0. ct 2)в 0. Ос 2)= .329087607627800»903 
А( 3)2 0. В( 3)= .322054228530190+02 Cl За 2.689854228530190902 0) 3)5 0. 
Al &)= .619999780556680-01 В( а) = 0. Ct 4)а 0. Ос Фа .523249978055670+02 
А( 5)в 0, AL 5)= .150006557005390901 С( 5)* .%50006557005390901 DI 5)а 0. 
AC 6)а ,834759813346440-01 BI 69% 0. С( 6)= 0. Ос 6)= 2089475981 3346001 


Figure IV.5 The Computer Output of SYNTH 1 
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Figure IV. 6 The Results of the Specified Loss, Phase and Step Response 


(a) |Passband Response (c) Phase Response 
(b) Stopband Response (d) Step Response 
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Comments 


The reflection zero at 2.5 kHz causes a low loss at the lowest part of the 
passband. Due to the presence of an attenuation pole not too distant away on 
the real axis, the attenuation rises sharp as the frequency increases. The loss 
decreases again as the frequency approaches the vicinity of the two pairs of 
reflection zeroes at the upper passband edge. For this particular example, the 
computer output of SYNTHl is shown in Fig. IV.5 and 6. 

In analogy to the previous numerical example in subsection III.2 one may 
expect 

(a) unequal terminations because of the finite loss at f = 0 

(b) coils with mutual coupling because of the lack of an attenuation pole 

at infinity, 
if the circuit were realized as an LC filter. 

This rather unconventional example was selected to demonstrate the heuristic 
placement of poles and zeroes. Although one would normally use an optimization 
procedure to achieve a close match it is in most cases necessary or desirable to 
make reasonable first choices by intuition. One of these optimization methods and 
also the conventional methods for methodical approximations are subjects of the 
next section. However, if he so desires the reader may skip directly to the 


realization procedures. 


V. Methodical Approximation Methods 


An important part of the design of transmission networks is the methodical 
selection of the poles and zeroes of K(s) and H(s). The pertinent methods are the 
subject of that part of synthesis known as "approximation theory". The name 
"approximation" implies that a specified performance shall be obtained within 
reasonable and practical limits. The desired performance and the permitted toler- 
ances are most conveniently displayed in a tolerance plot, similar to the one shown 
in Fig. У.1. Part A of this figure is a typical plot for the transducer loss of 
bandpass filters. ТЕ postulates a constant upper boundary er for the passband 
range Ly f < D and non-constant boundaries А in (Е) for the stopband ranges 
0 < Е < f. and f. < Е <œ. The actual performance of the network (including all 
deviations due to element inaccuracies and environmental changes) must not cut 
through the shaded area of the tolerance plot. For this and similar tolerance 
plots regarding the transducer loss, the characteristic function K(s) is the most 
convenient starting point. Similar plots may also be prepared for phase and delay 
and also for various transient responses. Then however, the starting point of the 


approximation should be the transfer function H(s). 
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Figure V. З Chebyshev Polynomials 227 --2:- Double Inversion in Squared Form 
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In order to simplify the approximation task, numerous numerical tables 
have been prepared by many authors, especially during. the past decade. A 
rather comprehensive list of these, compiled by Orchard and Temes, may be 
found in the IEEE PGCT, Dec. 1968. In combination with the computer program 
SYNTH, these tables are a considerable design aid. Examples to this end and 
some of the basic approximation methods are the topics of the following sub- 


sections. 


l. Classical lowpass approximations 


In numerous practical applications, the specifications for the transducer loss 
postulate a constant upper boundary А ax for the passband range and constant lower 
boundary А in for the stopband or bands. Such simpler tolerance plots may be 
related to the tolerance plot of a reference lowpass shown in part B, Fig. V.l. 
The classical solutions for this case are known as lowpass approximations of the 
Butterworth, Chebyshev, inverted Chebyshev and Cauer-parameter type. Numerous 
tables exist to aid the deisgn of these transmission networks. Because of the 
compatibility of the notation with the notation in this chapter, the most suit- 
able references are [CE-1], [SA-1] and [SA-2]. Of these, the parameters tabulated 
in [CE-1] will be used in the numerical examples. 

(a) Butterworth Response 

Significant for this type: 

all reflection zeroes at the origin, 

all attenuation poles at infinity. lm ccc EG 

Consequently, the loss rises mono- 

tonically with rising frequency. 


Characteristic function. 
N ( 
К(в) - Cs (V.1) А мах С 
Transducer Loss 


Зеро 


A[dB] = 10 10810 [1 + С дар (V.2) 


Calculation of C. 





= = i yield С =, 
A[dB] А ах at s J ylelds 
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Fig. V.2: Nomograph for Butterworth Filters 
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Calculation of the necessary degree 





5 _. А 
A[dB] > А dn at s 39. yields 


A > log [1 + с^ ТАШ 


min 
=) _ QUARE 
N 2 а 3 ; where L 2 - Borr (V.4) 
ЗЕ J max 


Nomograph for the selection of the degree (Fig. V.2) 

Normalize the frequencies with respect to the passband limit. In the nomo- 
zraph on the right hand side, intersect the parameter lines "А a and A 
from the intersection, draw a horizontal line to the left. 

Intersect this line with a vertical line through "9с", the normalized stop- 
band limit. The point of intersection falls between two parameter curves "N". 


Select the larger one. 


Example: Design a lowpass with Butterworth response for the following specifi- 


cations: 
Passband limit f = 10 kHz. = 0.1 dB 
P max 
Stopband limit t = 30 kHz. тіп ^ 55 dB these are the 
reference freq. = 10 kHz. design parameters 


cut-off rate = f Е =Q, = 3.0. 
S р S 


Following the outlined procedure in the graph yields 7«N«8. It will 
therefore be necessary to use 8th degree. This leaves some margin 
for either the passband or the stopband or both. 

Hurwitz polynomial 

Denoting F(s) = Е. and P(s) + ct yields for the compatibility equation 


2N =! 


F(s) F(-s8) + BÓ P(-s) = (маты it N = even (V.5) 
s - С = 0 if N = odd 


Ihe roots are located on a circle with radius R. Those of Е(в) are ([SA-1]) : 


2v-1 T. = , 2v-1 T 
Се 








S = -R [sin ( 
OV 


(V.6) 


R= N 67^ in both cases. 
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Data Cards for SYNTHI : 


6 7 7 1 
COLUMN 1 1 г 2 3 3 4 4 5 LE mm 


ceeccccceÜcceceDecocÜccececDoececeÜcceceDBececÜsceceBecccÜec 


° APPROXIMATION ONLY K(S) -DESIG 
0 REAL 


BUTTERWORTH RESPONSE LOWPASS 


DEGREE: 8 REFL.ZEROES 8 AT THE ORIGIN 0 PAIRS 
ATTEN.POLES 0 AT THE ORIGIN nn ы; 0 QUADS 

REF. FRQ, 10.0 KHZ» A0= 55.0 ОВ AT 30. 

EVAL "Loss RESPONSE PHASE RESPONSE DELAY RESPONSE SIE, Be 

FROM 10.0 KHZ 0.0 KHZ 0.0 KHZ 0.01 : 

10 50.0 KHZ 10.0 KHZ 10.0 KHZ 1.0 

SCALE LINEAR LINEAR L INEAR LOGARITHM. 

WITH 1.0 KHZ INCP, 0.1 KHZ INCRe 0.1 KHZ INCR, 40.0 ҒИ 

PLOT MARGINS 

LEFT 0.0 DB 0.0 DB 0.0 DB -0.2 \ 

RIGHT 100.0 DB 810.0 ООВ, 10.0 MSEC 1.8 Y 

SUBDIV. 20.0 08 90.0 DGR, 2.0 MSEC 0.2 ' 


ALL REFL.ZEROES AT THE ORIGIN 
ALL ATTEN.POLES AT INFINITY 


COLUMN 1 1 e e 3 3 4 & 5 5 6 6 7 7 


ecccceceocÜcceceDecceÜcccecSBecececÜccccDBoseccÜocceDecceÜsceeDececeÜocceDecccÜscceDecc: 


(b) Chebyshev and Invertid-Chebyshev Response 

Both response types are closely related to Chebushev 
Polynomials Тұ(х) and their double inversion T[ (x +) ] '.For 
real arguments and the particular value N=5, their 
behaviour is shown in Fig. V.3. Substituting (s/j) for x, 
both functions will display this performance along the 
imaginary axis. In this form they are of interest to 
synthesis. 

Because of the close relationship between the two 
functions, the design equations are also closely related. 
To emphasize this fact, they will be displayed side by 


side. 
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Chebyshev Response Inverted Chebyshev Response 





A 
| илл 
/ 
Amin Jaa iE 
Agap um | 
0 Rp  |.0 (L 


Significant: all reflections zeroes [Significant: all s@fenuation poles dis- 


distributed over the passband range tributed. over the stopband range; all 


all attenuation poles at infinity. [reflection zeroes at the origin. 





Characteristic function 
Chebyshev response 


= cos [Neos (5) ]3|s|<1 


Inverted Chebyshev response 


1 Need, 
К (s) ш —— - (V.7) 
cosh [Ncosh c5] 


K (s) = T(s) 
и -l,s 
-cosh[Ncosh СОТ ва | 
The magnitude of K (s) has an upper [The magnitude of К (s) has a lower boundary 
boundary equal to 1 in the passband equal to 1 in the stopband range 
range 
-j<s = 10< + j j<s = 4|2|<jo (V.8) 


In order to modify these boundaries a constant multiplier C, may be added: 


k 
Е. = V.9 
K(s) = С, K (s) (V.9) 
The transfer loss is then: 
2 
_ = V.10 
А [dB] 10 108, [1 + Ci. K (s) K ( 5) ] 5= 42 ( ) 
For a specified upper boundary | For a specified lower boundary А in [dB] 
A [dB] in the passband range in the stopband range the constant multi- 
max 
the constant multiplier must have plier must have the value 
the value 
C = 109-1 max 1 С + 1091 Âmin] (V.11) 


k k 
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Nomograph for Inverted Chebyshev Filters 


Fig. V.4b 
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For increasing values of] ClO), For decreasing values of (ај ||), 
the transducer loss increases mono- the transducer loss decreases monotoni- 
tonically. It will reach a speci- cally. It reaches a specified passband 


fied stopband loss А, [dB] at the loss A [dB] at the normalized passband 
min max 


normalized stopband edge edge 

s = IN, | s = 1%, (V.12) 
Therefore from equations (7) and Therefore from equations (7) and (11) 
(11) 


2 
= - =10 1 1+С K (s)K (= 
A sm (АВ) 10 log, НОК (s)K ( ES А ax (АВ! О Тов | " ae) t 51 





| P 
Я = cosh ER ла О. min _ 1 |. (V.13) 
S N 100-1 пах EP Rp 
Therefore, 
-1,.-2 -1 -2 
м > cosh U: ju cen ы (L ) (V.14) 
cosh ($26) cosh (1/815) 
uit 5) according to equation (4). 
Equation (14) relates the degree N to the design parameters А ax? Amin? and 
No or Np- For a specified set of these both response types will require the 


same degree. The choice between the two is made solely on practical consider- 


ations. The nomograph of Fig. У.4 is ап ad to selecting the necessary degree. 


It is used in an analogous manner to the one for Butterworth response in 
Fig. V.2. 


Reflection Zeroes of Chebyshev filters 


Rather than to express the functions Т.(5/1) by trigonometric functions it is often more 
convenient to employ root factors. 


T;(s/ j) -2 у-п ча?) for N —2n41, odd 


(V.15) 


Е N т 7 
Ty (s / j) =2" as ще T for N =2n, even 





Simultaneously, the a’s and b’s are also the reciprocals of the attenuation poles for the 
inverted Chebyshev response type, Therefore, 
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Characteristic functions 
ne ааа LCL LOS, 


5. 








metrical case: N = 20tl Odd 























F(s) | N-1 П 2 
K = = 
$ed Р(в) ^ Ске П (в + a4) 
(V.16a) 1 
n 
F(s) + s П (s ta ) е P(s) = Тын С i 
1 : k 
С, п s? 
K = - == 
“ а "1 (1 + s^a?) 
5 a 
(V.16b) 
Ck N ` 2 2 
F(s) = NI 5 P(s) = П (1 +s а. ) 
2 77 1 2v 
antimetrical case: N = 2n, even 
_ F(s) | ,N-1 2 2 2 
K(s) = BS 2 Ci : (s + bop 
(V.17a) я 
= d. ge | _ r. N-1 -1 
C n 2 
КО) = С قا‎ 
2 1 1 +s b,,_1) 
(V.17b) c, s" a 25 
F(s) - NI ; Р(в) + П (1 + s bowed? 
2 1 
Example: Design the characteristic functions of lowpass filters with 
Chebyshev and inverted Chebyshev response for the following 
specifications: 
Passband limit f = 10.0 kHz A = 0.1 dB 
p max 
Stopband limit f = 16.0 kHz А, = 55 dB 
(a) Chebyshev response | (b) в shev 
f = f = 10 kHz; f -f - 16 klz 
ref D ref S 
cut-off rate О =f / Е = 1.6 cut-off rate = f / Е = 0.625 
S S p s p s 


From the nomograph Fig. V.4 N = 9 
reflection zeroes, either from the 


equations (15) or from tables [CE-1] 
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From the nomograph Fig. V.4. N = 


Q, = 0.0 
Оу = 0.342020 
О, = 0.642788 
О, = 0.866025 
О, = 0.984808 


K(s) = C,s-(s^ + Qc )(s^ + O )(5 + Qo) + Од) 


() 0 =O 
О. 236 = 2.92380 
O EO = 55732 
Од =О =1.15470 
О 4 E — 1.01542 
C, - s 
K(s)= 2 2 2 2 i Е 2 2 2 
(S EX OUS EOS (уч +62 OG ко“) 
Data Cards for SYNTHI 
COLUMN 1 1 2 2 


3 3 4 4 


5 5 6 6 


7 7 


evcsoccceecÜsceceDooceÜscceBocecÜscececDBocececÜccecDececÜcceccDececeÜccecDoceceÜccecDoe 


* 


APPROXIMATION 


ONL Y 


CHEBYSHEV RESPONSE LOWPASS 


DEGREE= 9 REFL.ZEROES 
ATTEN POLES 

+ FRQ, 10.0 KHZ* А0- 

EVAL. LOSS RESPONSE 

FROM 10.0 KHZ 

TO 50.0 KHZ 

SCALE LINEAR 

WITH 1.0 KHZ INCR. 

PLOT MARGINS 

LEFT 0.0 DB 

RIGHT 100.0 DB 

:50801У. 20.0 DB 

REFL.ZER. RE (KHZ) 

А(1) = ‚ 9.0 B(l)= 

ае)“ 0.0 В:г2) = 

А(3) = 0.0 B(3)= 

д (4)= 0.0 8(4)= 


ALL ATTEN POLES АТ INFINITY 


COLUMN 1 


1 г г 


| АТ 
0 АТ 
55.0 
PHASE 
0.0 
10.0 
LINEAR 
0.1 


THE ORIGIN 
THE ORIGIN 
DB AT 
RESPONSE 
KHZ 
KHZ 


KHZ INCR, 


0.0 
900.0 DGR. 
90.0 DEGR. 
Ім(кн2 ) 
3.42020 
6.42788 
6.66025 
9.84808 


0B 


3 3 а 4 


4 PAIKS 

0 RAIRS 

16.0 KHZ 
DELAY RESPONSE 

0.0 KHZ 

10.0 KHZ 
LINEAR 

0.1 KHZ INCR, 

0.0 DB 

1.9 MSEC 

0.2 MSEC 


5 5 6 6 


K (S) -DES 
0 REAL 
0 QUADS 


STEP RES 
0.010 
1.0 

LOGARITF 
40.0 


0.0 


1.2 
0.4 


7 7 


еввевв%%%0еевее9еееебееоеӘееее0ееовбӘеесе0беееод9еееебеевеедеееефеовевеӘдеееефеоеееӘее 
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COU MN 1 1 2 


оооооооооОооообоеово (о 


APPROXIMATION ONLY 


e 3 3 & 4 5 5 6 6 7 7 8 


ecc Soe "е. © ее. ШЦ. 
| 0 5 Ооо обо. о Оооо о dee 00 0060609506009 000005002250 


INVERTED CHEBYSHEV REPSONSE 
í LOwPASS 
DEGREE 9 es 9 AT THE ORIGIN ü PATHÉ К (S) -DESIGN 
Е N.POLES 0 AT. THE ORIGIN 4 PAIRS е 
EVAL "Loss еы ОЕ (9805 ВЕ“ зат 16.0 KHZ dd 
e оно PHASE RESPONSE DELAY RESPONSE STEP 

TO 20:0 - 0.0 кн2 0.0 KHZ р RESP. 
SCALE LINEAR = 1059. кнг 16.0 KHZ 1:0. ме 
wITH 1.0 KHZ INCR ae шалығы LOGARITHM, 
го ° CR, 0.1 KHZ INCRe 0.4 KHZ INCR / 

$i MARGINS ° 40.0 F/D 
LEFT 0,0 08 0.0 DB 

an ° 0.0 
en 80.0 DB 900.0 DGR. 1.0 m 1; у 
Ve 20.0 DB 90.0 DEGR. 0.2 MSEC 0.2 V 


ALL REFL.ZEROES AT THE ORIGIN 


ATTEN.PLS. RE (KHZ) 


X(1)= 0.0 
2) = 0.0 
X(3)= 0.0 
Х(4) = 0.0 


QEUMN 1 1 2 


"агагегаабагаайфагаһфе 


The Roots o 


the Chebyshev response types 





Е the Hurwitz polynomial E(s) are found in the co 


IM (KHZ) 
Ү(1) = 46.780 
Y(2)= 24.891 
У(3) < 18.478 
Y(4)z 16.247 


e 3 3 & % 5 5 © © 7 7 8 


s.a. S....0....5....0....S. s ..0....S... 0... ..5....0....5....0 


nventional way. For 


they may be expressed in explicit form |5А-1| 





_ . .2v-l ТАК, /—_2 2у-1 T 
5, = a, sinl N 21 2 1 + as cos [ N 2 ] (V.18) 
-a b 
ү У 
v=, 2, ЕЗ 


with 
ST Amex 1 (V.19) 


e 
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For the inverted Chebyshev tvpe, the roots of Е (5) ате reciprocal to those 


belonging to an auxiliary Chebyshev lowpass of the same degree. The design 


parameters of this auxiliary lowpass, Ama and Ө, , are 


_ 0.1Amin_4\-1 | ‚ Q =Q (V.20) 
А 2.1981 = 10 108, + (10 11 57%, 
where A in and = are the design сата-ететз of the desired lowpass. For 
inverted Chebyshev filters, a table 22 normalized elements can be found in the 


Appendix. This table is arranged in an identical form as [SA-2]. For denormal- 


ization, note that Е ef - fo i.e. the stopband limit. 


(c) Cauer Parameter response 


Significant for this Суре: 
All reflections zeroes distributec over 
the passband range; 
all attenuation poles distributec 
over the stopband range. 
References:  [CA-1], pgs. 446--59; 
[GU-1] pgs. 607-614; [WE-1], 
pgs. 532-533. 





Characteristic function 





2 2 
5 Се + a) 
K (в) = = N = 2n + 1, odd 
0 2 2 : 
[[(s a + 1) 
1 2v 
а, | (у.21) 
Пе Б 2 
K (s) = = 
a ) пе? al ‚ "E N - 2n, even 
i Е 
Note that for both functions 
Lx 
Ко(=) "To (V.22) 
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Cauer Response for 4th or 5th Degree Functions 


Figure V.5 
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regardless of parameter values. Consequently, 


а | 1 . 
оз |к (jD | <1 > =< [к 9) | «e 
(V.23) 
0509<0 <1 + теб еп ew 
P 5 Р 
Ву a proper selection of the parameters a, one can achieve 
IK (99) | = L O TSE €1 (V.24) 


P 


at all maxima and also the edge of the passband. Then because of equation (22) 


all minima and also the edge of the stopband will satisfy 


| 1 - 1 С со 
IK (38) | = 2 < ü < (V.25) 


This is obviously the optimum which can be achieved. The parameters for this 


case are elliptic functions of the degree and the normalized passband limit. 


a, = ysin 0 sn (СК; Cys vx D. 2; + < x М 
(V.26) 
ay = ysin O = E (passband limit) j 
The quantity "K" is the conplete elliptic integral of first kind 
l 
8 dx 
0 (1 - x )(1 = x” sin” 7) 
Furthermore, 
1 nti 2 
= — г E 1, ) 
L а A а 1 for  N-2n«l,odd (V.28) 
L2 
= f - 
L Inr for N=2n ‚even 


Therefore for a specified degree N of the characteristic function the parameter а, as well as 
the quantity L depend only on €) = sin © , which is called the modular angle. In honor to 
Cauet who introduced them first to filter design, they are called “Cauer parameters". They 
have been published with 6 significant digits and up to 12" degree by Glowatzki([GL-1]). 
Numerical calculation of these parameters can be carried out by a method published by 


Orchard [OR-1 |]. 
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The addition of a factor C, in equation (21) causes the following changes in the 


k 
subsequent equations: 


(V.21) K(s) = Ci K (s) (V.29) 
0< |К(10) |< CL in the passband range 

(V.24) С, 552% 
т & IK (39) | < oo in the stopband range 


Consequently, 


А ах [dB] z lO Тов (1 + е. L4 in the passband range 
Gr (у.31) 
A nin [dB] = 10 1081001 + 2 in the stopband range 
and 
C, = (100-1 “max -1) (10° 1 s 1) 


(V.32) 





| | 
ах _ 1)/(10 9-1 “min _ 1) 


In equations (32), the right hand sides depend only on the specifications; the 
quantity L depends on the degree and the cut-off rate. As previously with the 
other response types, the requirements are most easily matched to a necessary 


degree by means of the nomograph in Fig. V.6. 


Example: Design the characteristic function of a lowpass filter with Cauer 


parameter response for the following specifications: 


Passband limit f = 10 kHz A = 0.1 dB 
P max 
Stopband limit f_ = 15 kHz А, = 55 dB 
s min 
reference frequency f = УЕ f = 12.25 kHz 
ref р 5 
1 = = 0.81 
nominal passband lim. 0 ree 0.815 


: 2 o 
modular angle Q arcsin Це, ùu 42 


From the design graph (Fig. V.6) one obtains N - 6 and С, - 0.94 
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For N = 6 and O = 42? one finds in the Glowatzki tables the following Cauer 


parameters: 
a, = 0.241 746 a, = 0.619 568 a, = 0.797 209 
a, = 0.454 326 a, = 0.732 713 as = 0.818 004 
For the significance of the parameters see Fig. V. With these parameters, the 


characteristic function becomes 


K(s) = 0.94 (s^ + 0.241746°) (s? + 0.619568?) (s? + 0.797299?) 
(0.241746*s^ + 1) (0.619568^s? + 1)(0.79720926“ + 1) 


For several reasons, it is more practical to normalize the Cauer parameters with 
respect to the passband limits. (In equations (26), leave out the factor vsin ©.) 
In this form, they are tabulated in [CE-1].  The'input data for 5ҮМТНІ are based 


on these parameters. 


Input data for SYNTHI 


COLUMN 1 1 г e 3 3 4 4 5 5 6 6 7 7 8 

voew»cccccÜccccDeccececÜccccDecccÜcccocDoccc Оооо ооо оО ооо обо ео о (Оооо обо о оо (0 о ооо Ое о о ә 0 

e 

COMPLETE SYNTHESIS 

CAUER PARAMETER LOWPASS М=6, ТНЕТАг%2 DEG. K (S) -DESIGN 

DEGREE: 6 REFLeZEROES , 0 AT THE ORIGIN 3 PAIRS 0 REAL 
ATTEN.POLES 0 AT THE ORIGIN 3 PAIRS 0 QUADS 

REF РЮО. 10.0 KHZ» A0s 55.0 DB AT 14.9488 KHZ 

EVAL o LOSS RESPONSE PHASE RESPONSE DELAY RESPONSE STEP RESP, 

“FROM 10.0 KHZ 0.0 KHZ 0.0 KHZ 0.010 MS 

TO 20.0 KHZ 10.0 KHZ 10.0 KHZ 1.0 MS 

SCALE LINEAR LINEAR LINEAR LOGARITHM, 

wITH 0.2 KHZ INCR. 0.2 KHZ INCR, 0.2 KHZ INCR. 40.0 F/D 

PLOT MARGINS 

LEFT 0.0 DB 0.0 08 0.0 DB -0.5 М 

RIGHT 80.00 DB 630.0 DGR, 10.0 MSEC 1.5 V 

SUBDIV. 20.0 08 90.0 DGR o 1.0 MSEC 0-25 V 

-REFL o ZEROES RE (KHZ) IM(KHZ) 

Al2)= 0.0 B(2)= 7.57444 

A(3)= 0.0 B(2) 7. В(З)г 9.74578 

ATTEN.POLES КЕ (КНС) IM(KHZ) 

Х(1)= 0.0 Y(1)3 15.334597%%6 

х(е)< 0.0 Y(2)= 19.73%4295186 

X(3)= 0.0 Y(3)z 50.569105987 

REALIZATION DATA 

GEN, 150.0 OHM 


1 REALIZATION 
D e 1 3 6 


COLUMN 1 l e e 3 3 4 4 5 5 6 6 7 7 8 


оооеоеееоОоеееоебеоеееОсееебесвсееОПсееобесеоОсесебеееоеОосесеоеБеесеОсевебесеоОсесебевесе)0 
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Hurwitz Polynomial 

By means of elliptic functions, it is possible to write expressions for the 
natural modes similar to those of Chebyshev filters [CA-1]. These formulas 
used to be valuable aids to calculate the roots when these calculations had to 


be carried out by desk calculators. With computers, these formulas lost their 
importance. 


as 





Equal ripple passband response by means of Cauer's q-functions 


In many pra:tical applications, it is desirable to design transmission netwo 
with equal-ripple passbands and an arbitrary set of attenuation poles. A conven- 
ient means to solve problems of this type is Darlington's reference filter method 
in combination with Cauer's q-functions ([DA-1]; [CA-1], pages 458-468; [FE-1]). 
According to this concept, the characteristic function of the desired network is 


obtained from the functions coshl and sinhl of suitable image parameter filters 


having a propagation constant Г. 


^ Historically the design of such filters is closely related to the theory of 


homogeneous transmission lines. According to this theory, the input and output 


quantities of currents and voltages of such a line segment are related by the 


expressions 


Vi совҺГ Zo вт пЬГ V, 


(V.33) 


-1 
I 
1 Zo sinh! coshI I, 


wnere 20: the characteristic impedance, and Г, the propagation constant depend on 
the parameters of the transmission line. All elements of А.. of the chain matrix 
of equation (V.33) are transcendental functions of the complex variable s. 
Somewhat artificially,the concepts and notation of transmission lines have 
been carried over to symmetrical sections which are composed of lumped circuit 
elements, similar to those shown in Fig. V.7. It is customary to write the chain 
matrix of such sections in the same form as equation (V.33). Thus, the overall 


chain matrix becomes 


\ 


| | (i) а | 
coshl, Zi sinhl, ау 812 
(А) = TE (Ау =l | гп | | (V.34) 
i (i) -i . (2) CIS) 
I 2-і sinhl, coshl; 851 а, 
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(A) Svmmetr. T-sections 


(В) Symmetr. II-sections 





Figure V.7 Ladder Circuits Composed of Symmetrical Sections 





(i) 
G) _1,G) 
2^ 2 Ag 
(ЕР d al) (i) 
Z, = 5 21 + 2 p 
Figure V. 8 A symmetrical T-Section and its Lattice Equivalent 
From Fig. (V.8) and equation (V.40): |; |. 
4 





special case m. = ] 


Figure V.9 Elementary q-Functions 
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= 


ре 


However, because now the sections consist of lumped elements, the matrix elements 


will be rational functions of s. 


Neither in Fig. V.7 nor in equation (V.34) is it implied that some or all 
cascaded sections are identical. However, all sections may have been designed 


for a common characteristic impedance Z , thus 
; о” 


іп which case the matrix product of equation (V.34) yields 


coshl',.Z sinhl., cosh Z sinhl 
i o i 0 
(A) = TI = (V.36) 
(1) Ze coshl', z lsinhT coshT 
о і i 0 
sen ror er. + г. + а Ті 7 
ай Т 2 Г, є ж AT = 1 (V.37) 


The various methods to achieve a common 2 6 (which is a major objective of image 
parameter theory) have no significance for network synthesis. Of greater impor- 
tance is the quantity coshl which actually is a rational function with the same 
poles and zeroes as the desired characteristic function. 

To derive the composite propagation function of equations(V.36)and(V.37),the 


symmetrical T section of Fig. V.8 is considered. For this section 





V . . 
E aW _ ر‎ 1 QU (1) (V.38) 
(1) ^ АТ, = cosh = ] 5 21 У, 
V 
2 
or in terms of the equivalent lattice branches 
54 i 
1 ри шини 2.2 ne a + 1 
cosh!, = = Ге Т +e 1] = — — = ج‎ (V. 39) 
i 2 а И (3) 2 _ 1 
2. A q; 
with 269 
2 Янь - 
Ча í оо (V.40) 
b 
From equation (V.39) one may derive 
+ 1 
EA: 
1 = — = 
e q,- 1 Q, (V.41) 
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where I1 is the propagation constant of one section. The composite propagation 
constant Г as:defined by equation (V.37) satisfies the following relation: 


q. 
Et = etli = | к „ H Q. (V.42) 


1) 71 (1) Í 

For sections containing only reactive elements, the quantity q; of equation (V.40) 
belongs to a class of functions which Cauer has termed "q-functions". They 
possess the following properties: 

(a) q(s) is positive real; 

(b) for s-values on the imaginary axis, q(s) is either real or purely 

imaginary; 

(c) the real and imaginary intervals on the j-axis are separated by branching 

points of the order Y. At any such branching point s - 81», q(s) assumes 


either of the following forms: 


q(s) » vs - $1 r(s) or  q(s) —À 038 (V.43) 
5 - 5 
1 


with r(s) # O and regular; 
! . | (i), Gi) 
the branching points are the simple zeroes of Z a Га š 
(d) all zeroes and poles of q-functions must be in the imaginary intervals; 


in the real intervals, the q-functions are positive and finite. 


Obviously, 
in the imaginary interval of q(s) in the real interval of 4, (5) 
q, + 1 | ja, +1 
i š ( lo š = . 45) 
3 س‎ 1: = 3 V.44 > 1; Г. =a (V. 
q. - 1 l: Г, jb, \ ) A ке 1 L i 4? 
i 


q-functions having identical real and imaginary intervals will be called "сопра- 
tible". Such functions can be composed to form compatible q-functions of higher 


complexity. The composition follows the rule of equation (V.42) 


+ 1 42 + 1 d4 


" B EE. MP йо (7.46) 
ат ат d=.) чи“ 1. q. ` 1 
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The product on the right hand side defines the composite q-functions on the 
left. For the composition of q-functions it is practical to use the elementary 
q-functions of Fig. V.9 as building blocks. Each of these may be designed to 


provide a pair of attenuation poles at a specified frequencies + So’ 


q; (8) = 1 yields m. = — — — n" (V.47) 


The composite q-functions will assume the value 1 at all specified pole fre- 
quencies. Consequently, the related propagations constant becomes infinite. 


From the composite q=function one may form the function K (s) 
O 


2 
K (s) = coshT = EAE (c Baa та „Жык „ч (V.48) 
O 2 q-1 q + 1 vet 


which possess the following properties: 


(a) in the imaginary ranges of q(s) (b) in the real ranges of q(s) 


Г = jb ; cosh jb = cos b а > 0, real ; cosha> + 1 
-1 5 cosh jb = cos b Ŝ + 1 Г = © wherever one of the con- 
/ | tributing q-functions 


assumes the value of 1l. 


These properties make совҺГ the desired characteristic function except for an 


optional scaling constant C Thus 


k^ 


K(s) = C. K (s) = с. coshr (V.49) 


Obviously, the elementary q-functions of Fig. V.9 have an imaginarv interval 
БЕЛ S зема ug 
and, therefore, the derived networks are lowpass filters. 


Example: Design the characteristic function of a lowpass for an equal-ripple 
passband ranging from O to 12 kHz and specified attenuation poles at 


24 kHz and 36 kHz.  Passband ripple = 0.3 dB. 


(a) Normalization of frequencies. D = Е ef = 12 kHz 


ll 
N 
г 
^ 
= 
N 
(Л 

ы 

e 

| 


i. = j 
= ј 3 


Loi oc] = 
= 19 


-ң 
| 
е 
ON 
^ 
ELI 
N 
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(b) Elementary q-tunctions 





m_s 
1 1 — 
q = ——— | = | > m = V1 d m E 0.750 = 0.866 
t /s*1 š я 
501 со] 
m_s 
Т 1 paese 
vs + 1 7 
8 2 552 


(c) Composite q-functions 





2 = 
ТЕСЕ + 1 те + Ув2 + 1 
- 1 - 1 -1 | — 

q 41 41 mos = x + 1 mS - Из2 + 1 


1 2 


_ [(mjmo + Ds? + 1] + (ml + пози? + 1 
| (тут) + 1)s? + 1] - (ту + mo)sVvs? + 1 
2 
О ee 


(m, 4- m.) в /52 + 1 1.808 s Vs? + 1 


(d) Characteristic function 


thus q(s) = 


+ | 
q^ + 1, (1.8157 s^ + 1)^ + (1.808 s 2 + 1)“ 


549) = 2 2 2 2 
47-1 (1.8157 s^ + 1)“ - (1.808 s vs? + 1) 
4 2 
K_(s) = 235.3 LIS + 50.525. 
O 


sts" +13s + 36) 


For an upper boundary of е = 0.3 dB in the passband, the actual character- 


istic function becomes 


K(s) = jin’ - 1 K (s) 


In the described form, the procedure always yields characteristic functions of 
even degree with pole pairs on eíther axis or pole quadruplets. In the lowpass 


case, the value 1 for one or several of the m,'s produces poles of even order 


at infinity. 
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An odd-degree pole at infinity requires the addition of a first order pole 
to any pole pairs which may already exist. In terms of Fig. V.7, such poles 
are related to half sections with half the propagation constant of a full sec- 


tion. Bisecting a full section and applying the composition rule yields 





+ z Y ! 
q, +1 _ ау, Tox dp 1 (V.50) 
а. - 1 qe que = a 
1 3 79 
mi (g! l 2 
q; = % (а + a ) а = q; + vq; - 1 (V.51) 


where q; is the elementary q-function of a full section, and qi» by definition, 
3 
is the elementary q'-function of a half section. 
In the lowpass case, substituting the expression of Fig.V.9 for q, one 


obtains 


2 2 | 
m.s + ¥(m - 1) 5 -1 (0.52) 


w= 


Je + ] 


For composition with other q-functions this expression is meaningful only for 


the particular parameter value m. = 1, i.e. for the bisection of a section 
which produces a pole at infinitv. For this particular т,» 
4! = VS FI (V.53) 


or its reciprocal. This functior is the elementary member of a class which 
! е e e 
Cauer has called q -functions. Thev zcssess the same properties as q-functions 


except one, namely to be real for real values of the argument s. Instead, 


for real values of s, la' (s): = 1. 


The propagation function л, of a half section is defined by 


y 
Г) 9, (0.54) 
L< = + : e 
e 5 J а, = 1 
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or 


П а +1 


p) mper (V.55) 


e (Т, £ j 


IO =f = 


Composite q'-functions are generated in similar manner as composite q-functions. 


In analogy to equation (V.42), 


9 
Г Ші 354) я i +1 +1 , 
е е0 ti) ырп diti GET TT 
qi - 1 qs - 1 q' - 1 (V.56) 
"I я ' + 1 
да + j> ) er = (V.57) 


Therefore, 


= coshl' cos П + j sinhl' sin МП = + j в1пһҺГ' 


II 


cosh (Г! u ) 


2 
url, dl ua ЖЕ. 
d -1 а? - 1 


and by comparison, 


2 
1 
sinh ' = + j ميك‎ 


(V.58) 
17-1 


Because equations (V.44) and (V.45) hold also for q'-functions опе may write 


in analogy to equation (V.48) and (V.49) 


2 
ft 
К (в) = sinhl' = + j в tl (V.60) 
о 27) 
q - 1 
= ` = Ë T 
K(s) СК K (в) С, sinhl (V.61) 


Example. Design the characteristic function of a lowpass of 3rd degree for an 


equal-ripple passband from O to 12 kHz and one specified attenuation 


pole at 24 kHz. 


(a) Normalization as in the previous example 


(b) Elementary q-function as q1 in the previous example 


0.866 s 


+ 1 


41 (s) = 
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(c) Composition with the elementary q' functions 








= + 1 ұл те 
q p= ssh Y s-i _ [mis + илј + /s=1] 


"ET rer = yt yl и 
oui Joi Dc Deren 





. Ims Ув%і + 21 /s-j] + [ms Ув-і + e] У541) 
(тв /s+j + "Уз2+1 vs-j] - [11$ vs-j + Из2+1 Vs+j] 


The composite q'-function is therefore 


arm + (5+3) JH - (1.8665 - 1) 
s + (stj) У s-j (1.8665 + j) 1 


(d) Characteristic function 


(1.8655 <3) (st) + (1.8655 tD 768-1) 





K_(s) =t 5 | 
Gees eee Cer) ae) 
3.47 s? + 3.73 

K (s) = + قل‎ 3.13.8 


0.25 (s^ +4) 


Final remarks 
In the preceding discussions, the emphasis was on q- and q'-functions for 


lowpass filters. By a proper selection of the m,'s, the attenuation poles can 


be selected as pairs on either axis or as conjugate quadruplets or at infinity. 


The pertinent formulas are compiled in the table of Fig. V.10. This table con- 


tains also the various elementary q- and q'-functions for bandpass filters. 


Filters designed with these functions will display an equal-ripple passband 


ranging from f a to Е. . The same equations (V.46), (7.48), (V. 56) and (V.60) 


The pertinent e are normalized with respect to the center fre- 


apply. 
quency. 
cek iei (V.62) 
с -P P ref 
and employ an auxiliary parameter 
(V.63) 
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The elementary q'-function of the bandpass can be derived from the 
q'-function of the lowpass by conventional bandpass transformation. 
Therefore, it will provide a simple pole each at 0 and infinity. The 
structure of the elementary q-function should be obvious by 
inspection. 


3. Frequency transformation 


In some applications it is desirable to modify the characteristic 
function resulting from methodical approximation, by frequency 
transformations, or to extend its range of application. These 
frequency transformations have a threefold purpose: 


(a) to obtain a more favourable pole-zero pattern, without changing 
essentially the performance type. 


(b) to change essentially the performance type by transposing the 
passband and the stopband to different regions. 


(C) to generate a higher degree characteristic function from a 
lower-degree model. 


Mathematically, frequency transformations may be considered as 
conformal mappings of the s-plane to the s,-plane of a transformed 
variable by means of 


S = f(s,) (V.64) 


Because the transformation is applied to the e independent 
variable, any dependent quantity, for instance the transducer loss or 
the phase, will be transposed according to the mapping properties. 

However, if the dependent quantity involves a differentiating or 
integrating process it will not remain identical. 


The category of frequency transformations include also the 
conventional reactance transformations bywhich a conventional lowpass 
is converted to a highpass, frequency-symmetrical bandpass or 
bandstop, or even networks with several passbands. For these, Ғ(5;) 
must necessarily be a reactance function. The discussion of these 
transformations will be omitted. 


(a) Bilinear Transformations 


Some of the standard lowpass approximations do not provide a 
reflection zero at the origin, or an attenuation pole at infinity. 
Consequently, one may expect different terminations or coils with 
mutual coupling or both. Such was the case with the first numerical 
example in subsection III.2. By means of a bilinear transformation one 
may transpose one of the reflection zeroes to the origin, one of the 
attenuation poles to infinity or both. It can be applied whenever the 
pertinent characteristic functions are even. 


The bilinear mapping function and 
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its inverse are 


2 
2 as +b > 2 986 75 
----- = 
E ss ы C s - a (V.65) 


In the direction s-plane to s,-plane, it is convenient to separate the overall 


transformation into three consecutive steps 


2 as, + b 
= — = — = и 
x dao 72 cs, +4 5. 7 "82 
Тһе first step maps the * j-axis of the s-plane onto the negative real axis of 


the s,-plane. Significant is the second step which is a bilinear transformation 
of the real axis onto itself (a,b,c,d are real). This step introduces three 
parameters and, therefore, permits the selection of three pairs of corresponding 
arguments. The final step transposes the negative real axis to the + j-axis of 
the s. -РТапе. 

As an example, this transformation will be applied to ап 8th degree Cauer 
lowpass (see Fig. У.11). Тһе top part shows its poles and zeroes іп the 51 
(which is the s^-plane). The transformed patterns of poles and zeroes are shown 
below. 

Part "a": Transformation to a Cauer parameter, case b, lowpass. 


Purpose: to transpose one attenuation pole to infinity in order to 


arrive, potentially, at a filter without negative elements. 


corresponding arguments: 52-0 И s? = 0 
22-2» ے2‎ 
1 = t 


Part "b": Transformation to a Cauer parameter, case c, lowpass. 
Purpose: to transpose one attenuation pole to infinity and one 
reflection zero to the origin in order to arrive, potentially, at 


a filter without negative elements and equal terminations. 


corresponding arguments: 42 _ ma’ + s? -0 
221 < t 
2 ج2‎ 2 _ 
BRI 2 N we 
Part "c": Transformation to a bandpass for single-sideband applications. 


Purpose: to transpose one pole each to infinity and to zero to 
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arrive, potentially, at a circuit without negative elements, and to 


place all remaining attenuation poles in the upper stopband. 


di : = 
corresponding arguments 52--а72 * 2-0 
1 + t 
S mud вые 
Ж > 


In all three transformations, the third available parameter becomes an arbitrary 
and insignificant scaling constant in the s,-plane. In part a and b, for instanc 
it is customary to select it such that 
2 2 > 2 
s = = = = 
аз < S, 1 
Im part c, one may select the parameter k for instance such that the passband 


limits of the bandpass are reciprocal with respect to each other. 





2 224 7 2 
8 ав < Sẹ т 2 2 
к--і-- — (V.66) 
T 2 2 
2 = 0 7 RC =- 1 a 91 ?g 
< t T 
Example: Transfer the Cauer parameters of the Glowarzki tables [GL-1] 
a) = 0.208540 a4 7 0.558808 ag 7 0.772306 
| N = 8, Ө = 50° 
a, = 0.864556 аз = 0.875240 


by a "single-sideband" transformation according to Fig. У.11, part c. 


_ /i- 0.312266 * 0.766045 _ _ 
equation (V.66) k = / e = -0.887135 


Therefore, 





2 
има уын И 
1 + 0.312266 s 


Applied to all significant frequencies in the s-plane vieéds the following 


table of transform pairs: 
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.000000 
. 298540 
.558808 
‚772306 
.864556 
.875240 
.142544 
‚156663 
. 294823 
„1789523 
‚795243 


„000000 x .887135 j 0.941878 
.043489 | .897648 j 0.947443 
.312266 | .969637 1 0.984702 
.596456 | ‚061907 
. 747457 .119624 
. 766045 127224 
.305406 ‚412593 
„337869 . 4 6 
‚676565 „726153 
‚202293 ee 

994354 . 000000 


.030488 
058123 
.061707 
. 1868525 
. 197929 
2338391 


со 


passband 


(а ЕЗ Е“ ҥ о о O O с O 


j 
5 
j 
j 
i 
|j 
ја 
j 
j 
j 
j 


| 
N 
N 
съ с. CK. C. C. C. C. Са 


.000000 





The same process yields also the parameter values of Fig. V.12. The nomograph 


on the bottom of this figure may be used to select suitable sets of Cauer para- 


meters if a single-sideband performance is desired. From the design parameters 


t= Е /f and п + — 
р -Р 


un s. = passband limits, f. = edge of the stopband. 


one obtains first the degree and the modular angle. These parameters in combi- 
nation with the nomograph of Fig. V.6 hield a set of possible pairs of A ax (АВ) 
and А intB) of the passband and stopband, respectively. 


Example: Design the characteristic function of a single-sideband bandpass with 


a passband range С = 95.0 kHz to E - 106.0 kHz and a stopband 
extending from Е = 119.0 kHz to ®, 


А. = 60 dB. 
min 


т = # /Ғ = 1.113, Е = Е = УЕ Е, ~ 100 kHz 
р =p 


ref center -p 
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/.3 


йа. 


ЕЕ 





| 1. 366C | 1.001 
1. 3660| 1.004 
| 1о 3661 | 1.009 
le 3663| 1.617 | 
| 1» 3667| 1.027 
le 3675 | le 040 
le 3688 | 1. 055 
1.37C9| 1.075 
le 3743| 1, 098 
| 1e 3754 | 1,127 
le 3872 | 1.163 
1. 3589 | 1,207. 
| 1. 4165 | 1.264 | 
124438 | 1. 340 | 
1.4881 | 1.448 
le 567С le 620 | 
| Le 7338 | 1.972 
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Fiavre \/ 1? Transformed Caner Pprararers for SinnlasSidahand Filtare 


for this bandpass one may use the parameters derived from the Cauer parameters 


above. With these the significant frequencies will be 
f - 94.181 kHz, ES = 106.171 kHz, f. = 118.852 kHz. 


From the intersection of the curve N = 8 and O = 50? in the left nomograph of 


Fig. V.6one finds L = 0.006. Moving from the point of intersection to the right 


and intersecting with "А . = 60 dB" yields an associated "А =0.005 ав". 
min max | 


Data cards for complete synthesis (SYNTH) 


COCUMN 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 


еедеееееефбеоеоведеееебооовӘеевеебоеооеӘеоее0ОееоведеееефеоееӘеееефбееееӘдеееефееевеӘдееее0 


COMPLETE SYNTHESIS 
SINGLE SIDEBAND BANDPASS 95-105 KHZ К (5) -DESIGN 
OEGREE 8 REFL.ZEROES 0 AT THE ORIGIN 4 PAIRS 0 REAL 
| ATTEN POLES 2 AT THE ORIGIN 2 PAIRS 0 QUADS 
REF „ЕКО. 100.0 KHZ ° A0= 60.0 DB AT 118.852 KHZ 
-EMAL o LOSS RESPONSE LOSS RESPONSE 
FROM 94.0 KHZ 118.0 KHZ 
TO 107.0 KHZ 170.0 KHZ 
SCALE LINEAR | LINEAR 
- ШЈТН | 025 KHZ INCR, 1.0 KHZ INCR, 
‘PLOT MARGINS | 
RIGHT 0.1 DB 60.0 DB 
SUBDIV. 0.01 DB 20.0 DB 
REFL.ZEROES RE (KHZ) IM(KHZ) 
А(1) = 0.0 В(1)г 94.744 
А(2) = 9.0 98.470 
63) = 0.0 : 103.049 
Al4)= 0.0 105.812 
ATTEN.PLS. RE(KHZ) IM(KHZ) 
Х(1) ж 0.0 Y (1) 119.793 
we) =. 0.0 131.383 


REALIZATION DATA 
REF.RES. 1.0 
е REALIZATIONS 
1 3 4 5 е е 
1 4 3 5 2 6 


COLUMN 1 1 e e 3 3 & & 5 5 6 6 7 7 8 


a о Оооо беееоеОсесеобеееоОсесебеоееоеОсесоБбееоеоОсоесебеесвеОсееебевее () 
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Cauer parameter, 8th degree, case a 


-aĝ 


| а 


Cauer parameter, case c 


2 


5 
9 





E actual frequencies 





Normalized frequenci 





If the stopband happens to be below the passband, take first its reciprocal 


location with respect to f and, eventually, use the reciprocal of the 


center 
resulting pole and zero locations. 


By suitable choice of parameters, one may use the bilinear transformation 
to derive a lowpass performance similar to the one shown in Fig. V.13. Signi- 
ficant for this performance type is a finite loss A, (dB) at s = 0. This 
transducer loss is uniquely related to the ratio of the terminating resistors. 
Significant for the performance is also a passband range f | to f with an 
upper boundary of the transducer loss or the return loss. i i 


A network with a performance as shown in Fig. V.13 may therefore be useful 


if the objective is a transmission network with a specified return loss in a 


limited part of the frequency range O < тр < b < © and specified terminations. 


If there are no selectivitv requirements the most economical solution in most 
cases will be a simple transformer. However, if there are selectivity require- 
ments then a network with the above described performance may be the most 


economical solution. For further design details see [CE-2] . 


(b) Zdunek transformation 
Significantly different from the bilinear transformation according to equa- 


tion (V.65) is a transformation of the following type: 


jst 9, 


2 jas +b 
= = _— 7. V.67 
?t jcstd k jst 2. ( ) 


a,b,c,d, = real, a,c, # 0 


(Zdunek transformation [ZD-1]). As in the previous transformation, it is again 


instructive to separate the overall transformation into three consecutive steps 


a 51 + b 
sı =js > S2 св + d 7 85 ر587‎ 


The essential difference to the previous transformation is the first step repre- 


senting a rotation of the axis by 90°. Therefore, if a characteristic function 


behaves in a certain way along the imaginary axis of the s -р1апе. The subse- 


quent transformation steps are identical to those of the previous transformation. 
As previously, the three parameters introduced in the second step govern the 


actual transposition of poles and zeroes and, therefore, of the performance. 
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ше в Or АДА ХАДА 
СМЕСА(7) = 0,55812556 CMCCA(I) = 4. 95552057 E = ооа 
5-Р| АМЕ Si -PLANE 
2EAL IKAS AT AL [IMAG 
F(S) 0.0 -0.55413556 0.0 0.5563 4; 
0.0 -0,£19150°9 0.0 095125678 
0.0 0.0 0.0 O, 25892522 
0.0 Q.61915' sS 0.0 0. 51657414 
0.0 Oa 5559115 -* 0.0 0. о 
P(S) 0.0 3, 04 7вапа? 0, 0 le 714233217 
оо 0. 0 ls эЧ] 5 283 
0.0 -4 047442432 0,0 le 1 8132 
0,0 -1, 36552 57 0,0 із se 1621172 
0.0 -1.387^ 79-4 0:0 14 15773449 
EIS) -0. 13550103 -1+ 07306004 -0 439712 -0.02467520 
-0. 42873265 -0. 125857447 -0. 836817556 -0. 05245 74d 
-0. 60042333 0:0 -0, --2= 1+5} -0. 113026] 4 
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Figure V. 14 The Generation of the 10th degree Cauer Filter from a 5th 
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The Zdunek transformation is especially useful to generate the poles and 
zeroes of filters of higher order from lower order models. An example is shown 
in Fig. У.14. In this example the poles and zeroes of a 10th degree Cauer 
lowpass, type c, are derived from a 5th degree model. The parameters of this 
model are taken from [CE-1]. The transformation was carried out by a computer 
program the listing of which is contained in the Appendix D. Additional infor- 


mation regarding further applications of the Zdunek transformation may be found 
in [CE-1]. 


4. Approximations based on transducer functions 





Whenever the specifications of a transmission network include phase, delay 
or transient response the design of a characteristic function,initially, is of 
little or no value. The approximation must start with the poles and zeroes of 
the transducer function. In most cases, suitable locations for these are found 
by an optimization procedure bv which one or, simultaneously, several specified 
responses can be approximated. However, in analogv to standard lowpass designs 
there exist also numerous parameter tables for the parameters of H(s) for certain 


often used standard response tvpes. Some of these will be discussed briefly. 


(a) Maximally flat group dela 
The response of phase or delay depends only on the Hurwitz polynomial E(s). 


An 





For maximally flat group delay, this E(s) must be a Bessel polynomial. 


excellent derivation may be found in [BA-2] . According to this reference 


(with the notation of this chapter) 


1 + 3 s + 3 


М = 2 E(s) 


1+2x3s+3x5 = +3x 5 


ік se 8 2 4 ах INSEL EINER TE TIKITE 


М = 3 E(s) 


N = 4 E(s) 


etc. 


in general 
(V.68) 


I 
1 
с“ 
Л 


E(s) : k 


T1 


(b) Group delay with a Chebyshev variation in the passband range 


Parameter tables for this performance were first published by (UP-1) some 
of these tables may be found in Appendix E. 


Performance 


Normalized frequency 





The tables in the appendix contain the real and imaginary parts of the natural 
modes. The quantity "n" is the ratio of the area under the delay curve in the 
passband range (0 < Q < 1) to the total area. This quantity is constant for any 
given degree. 


Example: Design a lowpass with 55 usec +1.5% group delay in the range 0 - 10 kHz 


| -1 
f = = | = 
ref 10 kHz Tef = СТЕ 15.9 U... 
55.0 
To = 15.9 = 3.45; ô = 0.015 ta = 0.051 


In Appendix E, the tables contain the parameters for allpass sections 
which provide twice the delay. [Reason: E^ (3) rather than E(s) in 


the numerator of E(s).] Therefore, one must look up 
2 T. = 6.9 and 2 Š = 0.102 


Suitable parameters in the table: N = 4; т 6.847; 6 - 0.1 


1,2 0.548547; 51,2 


aj 4 = 0.442596; b} , = t j 0.593948 


In both filters, (a) and (b), attenuation poles can be added to improve the 


a + j 0.341938 


stopband performance. 


(c) Design for transient response 


In some practical applications, an important design objective for a trans- 
mission network is the transient response at the output resulting from an input 
signal with specified wave form. The methods to solve problems of this type are 


the subject of time-domain synthesis which is beyond the scope of this chapter. 
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However, as an aid to designers several authors have carried out the pertinent 
calculations for the most commonly used wave forms. The resulting poles and 


zeroes are available in several publications, for instance [JS-1] and also 


in book form [JE-1] With these as input data, one may carry out a large 
number of designs for good transient performance. 


The most commonlv used input wave forms are the unit step and the unit 
impulse for which the transient response can be calculated by the inverse 


Laplace transformations 


=| я 
h(t) -X [ HG. 


-1 
g(t) ај Eus ] 





for impulse response 





for step response 


| 
І 
= 
— 
(Л 
са "Jg 
тау 
о |0 
we 
ы 





For the H(s) of a lowpass, typical time responses are shown in Fig. V.15. 

Especially for data transmission, it is most desirable to obtain. 

(a) A rather rapid rise or fall of the output voltage whenever a signal appears 
or disappears at the input; for this, the bandwidth of the lowpass should 
be as large as possible. 

(b) insensitivity with respect to noise and undesired signals; for this, the 
bandwidth should be as narrow as possible. 

(c) at the trailing ends, the over and undershoots must stay below specified 
limits. 

Obviously from these objectives, the poles and zeroes of H(s) must be selected 

such that the resulting network satisfies tolerance requirements in the frequency 

and in the time domain. Also, as in many design problems it is economical to 
make full use of the permitted tolerances. 

The table of Fig. V.16 contains the poles and zeroes of H(s) of lowpass 
filters with optimized transient response. It is a reprint of [JS-1] . By 

the number in the left-most column, the performance is identified in the 


following manner: 
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frequency response 


Figure V. 15 Typical Frequency and Time Response 











Figure V. 16 





А( и) = K 


K l 901 
| 
42.05: 0,0214957 | 0 — 1,102130 
42.10: 0,0448750 | 0 — 1,086302 
42.20 : 0,0756796 | 0-| 1,088107 
52.05: 0.0200420 ; 0 | 1,065391 
52.10: 0,0485792 | 0 | 1,080048 
Бо об: 0,085 2958 i 0 1,059087 
62.05 :- 0,022 9360 | 0 | 1047547 
62.10:D | 0,0357719 ' 0 | 1,042081 
42.05:8 | 0,0209716 | 1,104 121 
42.10: 5 | 0,0423915 1,088113 
42.00:8 | 0,0757781 1,078048 
59.05: 0,0227196 | 1,069278 
52.10: 0,0413674 | 1,057034 
52,90: 0,0701896 | -1,047 305 
62.05: 0,0230172 | 1,047418 
62.10: 0,0383183 | 1.038972 
62,20:8 | 0,0705245 1,031012 
64.05: 0,0360007 1,028939 
64.10:8 | 0,0718094 1,019823 


Poles 


m 


По = во) (»' — ње) 


[IO — >) (p' — а“, 
(m gerade, n gerad 


# 
Tija 





© response 


impulse 






A(p')= K 


0,148 650 
0,194 052 
0,230920 


0 

0 

0 
0,162267 
0,174 728 
0,149424 
0,184574 
0,227 722 

0 

0 

0 
0,147 028 


0,162532 
0,182911 


0,181415 
0,208 169 


Figure V. 17 The Vectors of the Desi 
and Actual Response 


I. 
с> 


step resp. 


r= 2 


and Zeros fpr a Transient Response 


II (2 — Pon) 0 — 5; 


(n 4- 1)/2 








of a Low-Pass 





жер-ай , 
(P'— Poor) [ (2! — Peer) (P’ — PS») 
(m gerade, n ungerade). 
Moor без соз 
0,458507 = = 
0,593 351 = ка 
0,709 258 = = 
0,310768 — 0,227073 | 0.658010 
0.372352 - 0,217233 0,703212 
0380821 0,100 044 0,241770 
0,484546 — —O.180G1I — 0,811760 
0,530792. — — 0,142811 — 0,803561 
0,405 716 m == 
0,584 861 = = 
0,703880 - - 
0,325301  — 0,164700 ' 0,650 100 
0,376463  — 0,123843 — 0,761764 
0,429197  — 0,758333 — 0,835990 
0,454863  — 0,117398 — 0,777847 
0,508736 — - 0,074631 0,848400 
0,564564 — 0,088477 — 0,889015 
0,546150 -0,101188 — 0,874275 
0,674222  — 0,045632 — 0,016088 


= optim. for step response 


optim. for impulse response ("Dirac") 


4 
iboundary for stopband and overshoot as shown in Fig. V.15: 


~ instance, 


гор = 10,q, = de = 0.01 which means that the overshoot is 1/100 


——P 
= 
— EE — eM" 
г? 
I 
| 
Де m` 
и | 


= the maximum impulse response or steady state value, respectivelv, 
| 


jand the frequency response at the normalized stopband edge Q = 1 


[is 1/100 of the amplitude at dc. 





degree of P(s) 
 — degree of E(s) 


For instance the network with the identification 52.10 : S with the transducer 


function 


+ 0.582388s + 0.141724) (s^* 0.247686s + 0.595621) 


-1 (s + 0.342581) (s? 
(в2% 1.057034“) 





H(s)=(0.0413674) 





yields a lowpass with optimized step response, overshoots < 1% and a stopband 


attenuation of 40 dB. 


5. Least-square approximati'ons 





Standard approximation methods are restricted to a limited number of fre- 
quently encountered tolerance plots. For most other tolerance plots, for 
instance those which require the matching of specified response curves, the 
approximation is carried out most economically by optimization methods. The 
example in subsection V.6 is such a case. Of several different optimization 
methods the least square method will be discussed brieflv. 

For i = 1,2, ... n, let Wi be a set of n arguments, for instance frequencies, 
and e, а set of n desired response values for the transmission network. In most 
cases, the e,'s result from empirical measurements. Also, let f(w; Ру, Poo «+» Р) 
be a function representing the response of the contemplated network. For instance 
f (w; Ру, Poe ‘° р,) could be the transducer loss of a 6th degree lowpass if 
such a lowpass were contemplated as the desired transmission network. In the 
function f (w; Pi» se Р)» w is the argument, normally the frequency, and ру? 

Po e Py а set of k parameters, for instance the reflection zeroes, attenuation 
poles etc. The initial values for these parameters may be selected by intuition 


or from suitable tables or by a combination of both. 
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At the n arguments ЦАР Е (w; P1» Р, Pas Pid assumes the n values fi, i = 


Т 2, век Ш 


Е, = E(w. ; Р, Р (V.70) 


i 1? Воз k) 


Therefore, the f, are the actual response values for a set of parameters at the 


arguments w,. The two sets of numbers e, and f, may be considered to be the n 


coordinates of two n-dimensional vectors 


fi ei 
- г) е, 
f = e = . (V.71) 
f e 
n n 





By variation of the parameters, it is the objective of the optimization proce- 


dure to make f = e. However, one must expect that the two vectors will differ 


by a vector d 


дас - f (V.72) 


as shown in Fig. У.17. 


By a small variation of the k parameters, f will change to f + Af where 


Af is approximately 








ЗЕ ; z 
E wei, жылылығы sex КАР | 
я Е „АР +Е AP + zs г. APL | 
ЛЕ = Y ІР = RT (v.73) 
j=1 
ЗЕ 
зе | 2 AP PE АРЫҚ sss. f LAB, 
j | 
WU 


in the rightmost expression, the quantities 2. 


"ud 


9f (9, ;P,,P, .-. 2. 
(V.74) 


j 


bri || ЭР 
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are the partial derivatives of f(w; P} P25 ju P for the parameter Pas 


evaluated for W = Ws Ideally, one wants to achieve 


ЛЕ = 4 Af - d =0 (V.75) 


which is equivalent to the following system of linear equations: 


fii AP, 4 f „AP, +... f AP. =d] ak = fi 
fay АР, T Е „АР, + ¿u Ед -d, = е, - f, (V.76) 
Е АР] + f „АР, + ... f „OP, = d =e = f. 


For n = К, it possible to solve these equations for the unknown parameter 
changes A р. and modify all parameters accordingly. Furthermore, it 
is also conceivable that after several iterations f = e, which means that 
the response function of the network is equal to the desired response at 
all arguments М1: In between the arguments, the actual response may deviate 
excessively. 

To overcome this, it is necessary to make n > k (in practice n = 5k, at 
least) in which case (V.76)contains more equations than unknowns. An exact 


solution is no longer possible. However, instead of equation (V.75) (Af - d) 


= 0 one may postulate 


DEI = win! (v.77) 


which is equivalent to 


[fii AP, + £P, +f „AP, - d, ] 4 
_ 2 (V.78) 
[£51 AP, + Е „АР, Е AP. d,] 4 
[f „AP, + f „ДАР f AP, -d 1° = Min. 
ni | n2 2 Se nk k n ) 


For а ( local ) minimum, it is necessary that, simultaneously, 


9 | 2 (0. 9 TEC 9 
9 (AP) ... я 0; АР) ... = 0; TETE a) а... = 0 (V.79) 
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For instance, 


3(AP.) | ni" 712 2 usi PCS m 
+ 2[(£5,5P, + E322 + --- 2k К 2 21 
ê 
2[(£ „AP, + Е ДР) + --- | Е APL? а) " 
NENNEN REL ЕНЕНЕ 
| | ^ Е Е ДР + 
m Fo * 61263972 + ..- icf "| 
A] a Е +. „ВЕ 
Fo f5,4P, + #о2 22 2k 24^ k 
| не Е Е „ДР 
Eit Зеу Р Е 22623222 * ` knj k 
ñ Ф: се. С. АР = 
CAP + Ср АР, «j Pk 





(v.80) 


(v.81) 


p. (V.82) 
j 


After carrying out the procedure for all parameters one obtains the following 


system of k equations: 


C. AP + C15 АР, T css Cik АР, = D4 
C, AP; ES Со АР, Ж ыға Сок AP, = D, 
С 18? 1 + С 2 AP, + 5% Cyk АР, = D 
where 
n n 
cx = С =; Eu. р = Г d Е. 
11 Tj арыз vi v] В osi м vj 


(V.83) 


(V.84) 


The solutions of this linear system of equation are the parameter changes 


А Ege 


should be repeated. 
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After the parameters have been modified accordingly, the procedure 


If the necessary precautions are taken, the iterative procedure yields in 
general a set of parameters at a local minimum of equation (V.77). In some 
applications one mav also be reasonablv sure that the local minimum is also 
the global minimum. This is the case when the initial set of parameters were 


already close the optimum. 
Normally, the deviations of the actual from the desired response are not 


equal-ripple but deviate increasinglv as one approaches the edges of the 


approximation range. To overcome this one mav take the following steps: 


(a) introduce a weighting factor for the d,, or 


(b) emphasize the edges by a crowing of the argument values towards the 


edges, or 


(c) use the power 2n rather than 2 in equation (V.77). 


VI. Transmission Networks for Arbitrary Terminations 


All previous derivations and formulas, especially the two-port parameters of 


Figure III.3 apply only to networks which are terminated by R ef on both 


sides. However, quite frequently it is desirable to design networks between 


specified different impedances. In highpass and bandpass filters, this can 


often be accomplished without the addition of a transformer, by the conversion 


of a shunt coil. Furthermore, many bandpass circuits lend themselves to im- 


pedance changes by one or several suitable network transformations. 


Neither of these methods is applicable to lowpass filters. However, different 


terminations may be obtained by the introduction of "flat loss". The concept 


is to raise the transducer loss of a suitable reference filter such that its 


value at s = 0 becomes A where 
А -101og [sl RF HR JR ) 12 
о gen ' load load ' gen (V1.1) 


desired generator impedance 


with R 
gen 


Road desired load impedance 


Although this method is of practical value only for lowpass (and highpass) 


filters it is feasible to apply it also to other networks. It also provides 
a transition from networks with equal terminations to those where one of these 


assumes the values 0 or о, 
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1. Design method for flat loss 





lowpass 
F, (s) 
K. (5) = С, P. (5) (VI.2) 
From this one may derive 
(II.21) > H (s)H, (-s) eI K, (s) а (VI.3) 
(11.14) > E, (s) E, (=s! = F.G)F Се) + C, P (в)? Се) (VI.4) 
(11.17) " 4H,(s) “С, ts (VI.5) 
(11.16) A [dB] = 12 zog [ H (в) H (-s) 1 _ aes 


Let F, (s) and P, (5) be normalize@ zc!vnomials and let it be also assumed (for 


tutorial reasons onlv) that the reflection zeroes are on the j-axis. At these, 


the normalized driving point impedances are both 1.0. ТЕ the normalized 
load were changed from its origina: value to an arbitrary value г then by The- 


е ? ө e 4 e е 
venin s principle the transducer 1255 at the reflection zeroes would increase 


by 
AAl|dB |= 10105 (ry +) = 10log 1 7 "TES | | (VI.7) 
"| 4r 2! Jr 


AA|dB|=10logy? (VI.8) 


ие (VI.9) 


At other frequencies, the transducer loss will change by some other frequency dependant amount. 


The next st i asiler а ЕЕ се: 
ep 15 to consicer а -ra-srission network with a transducer loss 
A[dB] = А. 'z3^ + As 235] 
1-53. ЕСЕ (VI.10) 
where AA is a frequency independent la: 7 --- T 
S | „ае „сеа. -ts value depends on the number 
y which А, must Бе incrementes -- achieve 4 for 0 F 
тке» se acn eve A, Soros = (у, ‘Or instance 
let the reference lowpass have a tra-scu-e- - -<e as shown in Fig. VI.1 
T сте in lg. els 
furthermor = anc 42. ; 
е, let à 600 Ohms arc R. аа = 5:27 25-5. Then 
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A. = 10 log [%(/3000/600 + /60073000)]2 = 2.55dB 
A, = 0 dB ЛА = А = 2.55dB 
O 


Obviously in this example, 


г = 3000/600 = 5; у = [Ут + 1/vr] = 1.34164 
The transducer function H(s) of the desired network is easily derived: 


(VI.6) > A, = 10 log Hy (s)H Св)... А<А МА = 10 logly Н, (s) YH) (-8) ] 
s=jw 


10 log A 


(VI.8) > AA 


therefore, Е, (s) 
H(s) = YH, (s) + YC, P (s) 


By the introduction of an auxiliary ideal transformer, the desired network сап 


(VI.11) 


be related to a network with equal terminations, assuming that this network 


includes the transformer (see Fig. VI.2). 


In order to calculate the two-port parameters one must first establish the 


characteristic function. 


(v1.3); У? Н, (в) Н, Cs) = үг + УЖ, (s) К, Cs) 
(VI.11): f(s) Pes) siti usq К, (s) К, (-s)] 
(II.21): H(s) H(-s) = 1 + K(s) K(-s) 
Е. (s) F,(-s) 
Therefore, аа _ г.1 4. 
К (в) K( s) (Y Lo С. P, (5) P, (=s) 
E. 
Е. (s) F,(-s) + C P. (s) P, (-з) 
tts) Kiss) EE Со! 1 2 77 1 


E СР (в) P, Gs) = (VI.12) 


z 
He 
С? 
J 
о 
| 
oO 
Њ 





А я 1 (VI.13) 
Y -1 
C uently, . | | 
onseauently K(s) = +Y C, MES (VI.14) 
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Figure VI. 1 





Figure VI.2 
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where the roots of F(s), the new reflection zeroes, are defined by the root 


pattern of 
F(s) F(-s) = F, (s) F,(-s) + C72 P (s) P. (Се) (VI.15) 
1 19 2 77 1 i 


This equation is formally identical to equation (VI.4). Consequently, one may 


consider the new reflection zeroes as natural modes of a secondary reference 


filter with a characteristic function 


Е, (5) 


2 Р, (5) (VI .16) 


K,(s) = C 
However, contrary to the selection of natural modes, the roots of F(s) may be 
selected either from the right or the left half plane. Different selections 
yield different transmission networks regarding element values and driving point 


impedances. A11 these different networks have the same transfer properties. 


Example: Design a lowpass for generator impedance 388 = 600 Ohms and a load 


impedance Road = 3000 Ohms. The desired lowpass shall have the same 
passband ripple cut-off rate and stopband discrimination as the 


following equally-terminated reference lowpass of 5th degree: 
normalized reflection zeroes: 0,237 1.0, = j 2.0 
normalized atten. poles + j 3.0, + j 4.0 


A = 50.0 dB at + j 3.4, 


(a) Gharacteristic function of the reference lowpass 


2 2 | 
_ s (s + 1)(s + 4) 
K) (s) = 1324 221 — Терена сыы 


(s + aye + 16) 
From this one determines 


E (s) = s? + 2.7249998% + 8.709958s? + 14.06758s^ + 16.75988s + 10.8744 


(b) calculation of the constant С, 


: - жән е 2 — 
Ri oad! Been =r=5 > y= k(/r + 1// г) = 1.34164; y = 1.8 
го 
(uw C An 19.863116 
2 1] 224 
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(c) reflection zeroes of the desired network 


К. (s) - 19.863116 


S (s^ + 1 + 4) 
(s^ + ша. + 16) 


From this one determines the roots of a fictitious Hurwitz polynomial E,(s); 


these are 


c 
| 


c 
| 


c 
lI 


One could select 


F(s) = 


-0.9266033 + j 0.0 


= —0.5435560 + j 1.2589397 


0.1054266 + j 2.0370735 


these roots or their counter- 


parts in the right half plane 


are the new reflection zeroes. 


all of the left hand roots in which case 


5 4 


E, (s) =s + 2.22457s + 7.473085s 


(d) two-port parameters 


E(s) = E, (s) 


F(s) = E, (s) 


The following anticipates the 


2 


3 


Е. = 2.724995“ + 14.067588 + 10.8744 
Е = s? + 8.70995s? + 16.7598s 
Е = 2.22457s" + 10.72988s^ + 7.2496 

5 3 
в = š + 7.473083? + 12.3825 


be the subject of the next section. 





3 


11 + 
aS 52 2 25 + 16.1830 
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S 


3 


+ 28.980 s 


E + 


22 E + 
ot Ро 2 в? + 16.830 в 


+ 28.980 5 
t:1 


t 10.72988-7 


+ 7.2496 


realization of a ladder circuit which will 


Ine actual element values for this particular selection of reflection zeroes 
and also for three other selections are compiled in the table of Fig. VI.3. 
These examples show that the terminating resistor may turn out to be the desired 
r or its reciprocal. If the reciprocal results the designer can choose between 
several remedies: 


(a) Reverse the direction of transmission: make "т" the normalized generator 


impedance and "1" the normalized load. 
(b) Use the dual structure. 
(c) Move an odd number of reflection zeroes to the opposite half plane. Obviously 
this is only possible if there is one or several roots on the real axis. 
A few comments regarding this last point. At s - O in a lowpass, the input 


impedance becomes equal to the load impedance 


. _ _ E(s) - F(s) 
(III.2) r = 2 0) = E(s) + F(5) |s=0 = e + ОЁ, (VI.17) 
F(s) + X та = П (s - а.) Г (s^ = Р; s + 4.) (УІ.18) 


у і 3 


Therefore, 
ا‎ (-a,) П (q,) 
1 J 
The transposition of a root pair to the other plane does not alter the sign 


of d4 and, therefore, also not the sign of fo On the other hand, the transpo- 
sition of any real root will change the sign of Eo" In this case, 
1 
poc -f, and consequently z. (0) > = my (VI.19) 
One may verify this in the table of Fig. VI.3. This choice to change the termi- 


nation to its reciprocal does not exist for filters having no real roots, for 


instance antimetrical lowpass filters. 


By means of the computer program SYNTH, the design of lowpass filters with 
arbitrary terminations can be carried out either from H(s) or from K(s). 


Example for an H(s) design 


Design a Cauer parameter lowpass of 6th degree with 


passband limit = 100 kHz ripple < 0.3 dB 
stopband limit - 160 kHz discrim Ain > 60 dB 
terminations Boon = 60 Ohms Ri oad = 300 Ohms 
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According to |СЕ-1) , a àowpass C 06 25 40 can be used as a reference filter. 


dB 
/ | 


ЗАН з хук җ ы 


desired lowpass 


ras bee ыа 


0.3 T ы AR W 





reference lowpass 


C 06 25 40 


kHz 





For the specified terminations, 


(VI.1) > A = 2.55.dB 


and therefore, the necessary shift AA = 2.55 - 0.3 = 2.25 dB. 
In the computer program, use the tabulated parameters of [CE-1], pg. 139, 


and specify 2.25 dB at the absolute minimum of H(s). 
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Data Cards for complete Synthesis 


COLUMN 1 1 е e 3 3 6 4 5 5 


о ооооооо о Оооо ооо о (0) ооо обо оо о Оооо обо ооо (ъоообооо о Оооо о боооо (ево боса Оо оооба ооо 
| 


COMPLETE SYNTHESIS 
LOWPASS C 06 25 40 WITH FLAT LOSS 


ОЕ GREEs 6 NATURAL MODES 0 REAL 3 RAIRS 
ATTEN.POLES 0 AT THE ORIGIN 2 PAIRS 

REF I FRQ. 100.0 KHZ+FLAT Le 2.25 DB 

EVAL. LOSS RESPONSE LOSS RESPONSE 

FROM 0.0 KHZ 100.0 KHZ 

TO 100.0 к 32 150.0 KHZ 

SCALE LINEAR LINEAR 

WITH 2.0 KHZ INCR. 1.0 KHZ INCRe 

PLOT MARGINS 

LEFT: 2.0 OB 0.0 DB 

RIGHT 5.0 DB 100.0 DB 

SUBDIV. 0.25 08 20.00 . O8 

NATeMODES RE (KHZ) IM(KHS) 

A(-]) = -7.025408 B(1)= 102.074788 

A(2)= -7.025408 B(2)= 80.082854 

А(3) > -7.025408 В(З)г 31.591167 

ATTEN.PLS« КЕ (KHZ) IM(KHZ) 

Xe(-1:) = 0.0 Y(1)= 164.48] 

Х (е) = 0.0 | Ү(2):220.30% 

REALIZATION DATA 

GEN. IMP, 60.0 OHM 


1 REALIZATION 
ое 1 з 4 


e e 3 3 4 & 5 5 


6 6 7 7 


d 
H(S)-DESIGI 
і 
0 QUAOS 
6 6 T- 7 8 


COLUMN 1 1 
eccccccceÜccceDecccÜccceDocceÜccceDeoccceÜccceDeccceÜccceDecceÜccceDecceÜccceSBecccÜO: 


The computer will first determine the absolute minimum of 


occur at one of the reflection zeroes of the reference filter. 


calculate the constant of H(s) such that the minimum loss is 
quently, it determines the reflection zeroes which correspond 
and selects those in the left half plane. 


previously described manner. 


a second run is necessary. 
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H(s), which must 
It will then 
2.25 dB. Subse- 
to this new H(s) 


The program proceeds then in the 


For another distribution of the reflection zeroes, 


Example for a K(s) design 
Design a Cauer parameter lowpass of 7th degree with 


passband limit = 100 kHz ripple 0.1 dB 
stopband limit = 115 kHz discrim. 40 dB 
terminations R = 60 Ohms R = 300 Ohms 
aig a gen load ` 


In this example, a lowpass С 07 15 60 was selected from [CE-1], pg. 183, as 


reference lowpass having a constant Ci = 23.07. Therefore г = 300 / 60 = 5 


(VI.9) > y= 1.3416 ; (V1.13) = с, - 34.6 


Within the same parameter block оп page 183 опе may find a row with "С = 34.8" 
belonging to a reference filter with 154 reflection coefficient. According to 
(VI.15), its natural modes or their counterparts in the right half plane are 


the reflection zeroes of the desired lowpass. With these the following data 


cards may be prepared: 
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Data cards for a complete synthesis 


COLUMN 1 1 e e 3 3 % 4 5 5 6 6 7 7 е 


е“е%%%%%0%:шешеедеевеебдеоеооӘевевеоедееееӘееоеедеооодееве0еооеӘ9еевеебееооӘеевеедеоооөдееео0 


COMPLETE SYNTHESIS 


LOWPASS С 07 15 60 wITm FLAT LOSS К (5) DESIGN 

DEGREE 7 REFL.ZEROES 0 AT THE ORIGIN 3 PAIRS | REAL 
ATTEN.POLES 0 AT THE ORIGIN 3 PAIRS 0 QUADS 

REF Е РО. 100,0 KHZ A0s 2.55 08 AT 0.0 KHZ 

E VAL. LOSS REPONSE LOSS RESPONSE 

FROM 0.0 KHZ 100.0 KHZ 

TO 100.0 KHZ 150.0 KHZ 

SCALE LINEAR LINEAR 

WITH 2.0 KHZ INCR, 1.0 KHZ INCR, 

PLOT MARGINS 

LEFT 2.20 DB 0.0 DB 

RIGHT 4.0 DB 80.0 06 

SUBDIV. 0.5 08 20.0 08 

REFL.ZER. RE (KHZ) IM (KHZ) 

А(0)- 64 85927 В(0) = 0.0 

А(1) = «37,36940 В(1) = 65.60974 

А {21 = -16.98B7l 8(23ғ 94.01670 

А(3) = 3261325 B(3)* 102.228525 

ATTEN.PLS. БНЕ(КН2) IM(KHZ) 

X(1)z 0.0 | Ү(1) = 116.887 

Х (2) = 0.0 Y(2)= 132.353 

A(3)= 0.0 Ү(3) = 207.796 

REALIZATION DATA 

GEN. IMP, 60.0 OHM 


1 REALIZATION 
D 3 1 e & 


COLUMN 1 1 e e 3 3 % ^ 5 5 6 6 7 7 8 


о«өөөөөөөөбөөөөдөөөөбөөөөдөөөөбөөөөдөөөөбөөөөдөөөөбөөөөдөөөөбөөөөдөөөөбөөөөдөөөө® 


The method has the following advantages: 

(a) The reflection zeroes can be distributed arbitrarily between the left and 
right half plane. 

(b) The K(s) mode in SYNTHl permits filters with a higher degree. 

(c) Only once need the program find the roots of a polynomial, normally the 
most time-consuming process. 

The method can be used only if two compatible (in the above sense) sets of 


natural modes are available. 
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O roots of 
E(s) 









9 roots of 
F(s) 








X roots of 
P(s) 





с: | m 0.5654 3.2219 | 0.5654 | 0.5654 0.2323 
в, v .. 0.2150 0.9869 | 0.1979 00.2320 0.2243 
№ | e | 0.5167 0.1126 | 0.5613 0.4787 0.4952 
ш, | ws 3.0000 3.0000 | 3.0000 | 3.0000 3.0000 
ča | 2, 0.6952 3.2295 | 1.9200 | 0.4503 0.6551 
с, | A 0.0952 0.4847 0.4381 | 0.0205 0.0877 
и l e, | 0.6566 | 0.1289 | 0.1426 3.0414 | 0.7124 
ш, | ш, 4.0000 4.0000 4.0000 4.0000 | 4.0000 
е. | a 0.6483 1.5882 3.2416 201297 0.7205 
г | | 1.0000 0.2000 0.2000 | 5.0000 5.0000 
| | 


Б ЬЕ e — MM a 


Figure VI. 3 5th Degree Low-Pass Filters with Equal and Non-Equal Terminations 
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For instance, if on = 60 Ohms, R = 90 Ohms, then 


load 


г = 1.5 Y = 1.02062 с, - 115.352 


A row with a constant C = 115.352 is not tabulated. However, it may easilv 
be generated by a computer run with the tabulated reflection zeroes and at- 
tenuation poles of the block and a suitable Ain’ By extrapolation of the 
tabulated А ; 's of the block vs. the tabulated C's, опе may find a suitable 
A = 56.4 dB. Specifying this attenuation at the cut-off frequency 1.1547 


min 
on data card 4 will vield a set of natural modes, which may be used as reflec- 


tion zeroes as previously. 

H(s) and K(s) of equations УІ.11 and 14 yield a transmission network as shown 
in the top part of Fig. VI.4. However, most synthesis program will not direct- 
ly calculate the turns ratio of the ideal transformer contained in the network. 
These programs conventionally print the actual terminations as in Figure VI.3, 


for instance. These actual operating condition, the objective of "flat loss", 


are easily derived as indicated in Fig.VI.4. 


2. Extreme terminations 


Of particular interest are operating conditions where one or the other termina- 


tion assumes the extreme values O or 9. At the input side, the generator is 


then either an ideal voltage or current source; at the output the load degen- 


erates to an open or short circuit. In both cases the consideration of trans- 


ducer loss becomes meaningless because 


P = © for an ideal source, or 


P = О for no resistive termination 
load 


Consequently, 
М (Vr + 1/vr) > ° 
10 10810 y? > © 


(VI.9): Y 
(VI.8): ^A 


(VL.13)4 с, > Ci 


Of special significance is that 
-2 

е — -— P --- = — 
(VI.15): F(s) F(-s) > F) (s) Е. ( в) + Ci P (в) 16 в) E, (s) E, ( 5) 
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and therefore, 


F(s) F(-s) = E, (s) E, (=s) (VI.24) 
F(s) = +E, (s) (VI.25) 
Or F(s) = +E, Се) (VI.26) 


As the transducer loss increases, the reflection zeroes move closer towards 
the roots of E (s) Е Се); in the limiting case of extreme terminations the 


reflection zeroes coincide with the natural modes or their counter parts in the 


right half plane. 
The transfer properties and the design equations for these special termina- 


tions are easily derived from the equations (VI.20) to (VI.23) in Fig. VI.4. Fo 


instance, 


Open-circuit output terminals 





V а" а" V | 
ы ж Ma * (VI.27) 
m m 
I, а, 822 О 
= . = " 4a" VI.28 
v. vl +1 I, (ат, + a51) У. ( ) 
(а) P) (s) = even [equations (VI.22) of Fig.VI.4] 
In order for 241 to be meaningful 
= = = = = = - VI. 
“ы as © TELS F(s) E) ( s) ( =) 
je "ig а 
(УІ. 28): V = Ci + m У. + v, Hi (s) (VI.30) 
V, is 6 dB higher in comparison with N, of the equally terminated network accor- 
ding to equation (IV.6). 
The network can be realized from the following z-parameters: 
11 p = 
di. MES AC NN 
21 lo 21 lo 
a" 
Because of no output current, the third parameter Zon = —т= assumes an indeter- 
қ | 21 . 
minate form (© * 0) which makes 222 arbitrarv. For economy of elements, in most 


cases 222 = 212° 
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(ЕС ТА) 


44217 | : (12:14) 
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LAM 1): 





(ЕБЕ 


|=šs)' = 


99 99 


(b) P, (s) = odd [equations (VI.23) of Figure VI.4] 


In similar manner one obtains 


F. = +E) Fo = Elo > F(s) = +E(-s) (VI .32) 
Bio Se у 
У. = Ci i T P. * V, = Н, (в) (VI.33) 


The network can be realized from the following Z-parameters: 


1 


а" Е Р (в) C, 
eu Qu = p? ` 2127 = (V1.34) 
21 le le 


In similar manner, the other operating conditions can also be established. All 
possible cases are compiled in the table of Fig. VI.5. The rows of this table 
contain the equations for various generators, the columns for various loads. Tt 
` four corner fields are shaded because the networks under consideration must cont 
at least one resistor. 

Example: Realize the 5th degree lowpass of the previous subsection for all four 


extreme terminating conditions. Its transducer function is 


Н. (в) = 13.24 8 + 2.724999 в“ + 8.709958 в? + 14.06758 s^ 16.75988 s + 10. 
: (s^ + 9) (a? + 16) 


Open circuit output terminals Current generator 





u ае _ 2.7249 sŠ + 14.0675 a^ + 10.8744 _ “le | | 
1 Fio в? + 8.709958 s? + 16.75988 в "lo 77 


Again, anticipating the reàlization of ladder circuits, one can derive 





сү” 0.276 с, = 0.103 с, = 0.638 с” 0.198 се 0.627 


Le = 0.607 А А = 0.560 
ТР = 4.0 9, - 3.0 
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SOURCE 


“Yel: >ertains 


to operating condi- 


tions as snowr in 


Section 222. 





Figure VI. 5 Design Equations for Networks with Extreme Terminations 
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If oriented properly with respect to source and load,the circuit can serve 


both operating conditions. 


Short-circuit output terminaäs Ideal voltage source 





о 
H,(s) = — 
i У. 


Е 
Ele 2.7249 в“ + 14.0675 s^ + 10.8744 _ le 
ll Е, $45 + 8.709958 s^ + 16.75988 в 10 


= ¥22 





1 2 3 4 5 
= m . ш = à = .62 
Д = 0.276. t, 0.103 5; 0.638 z, 0.198 Le 0 7 
Co = 0.607 с, = 0.560 
2, z 4.0 0, = 3,0 


If oriented properly with respect to source and load, the circuit may again 
serve both operating conditions. One may also notice the resulting circuits 
must be dual. 

The computer program SYNTH can also aid the design of transmission networks 
where one of the terminations assumes extreme values. Such designs should be 
carried out from the coefficients of E(s) and with all coefficients of F(s) 
identically zero, in the mode "REALIZATION ONLY". The program available as а 
service from CDC Cybernet has been modified to print the proper terminations 
O or © whatever the case may be. Because the computer produces a dual pair of 
circuits, only one computer process is necessarv to produce all four possible 


termination cases. 


The method and the input data will be demonstrated by an unconventional hybrid 
realization of the single-sideband bandpass of subsection V.3. Ву the conventional 


methods, one may find the following design parameters. 
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refl. zer. [kHz] natural modes [kHz] atten. pls. [kHz] 
— ы mo 112 че. pis. |киг| 


1 tj 94.744 - 3.5670874 + j 91.066 0 Znd ord. 
2 tj 98.470 = 7.3827205 + j 97.915 + j 119.793 
3 + j 103.049 - 5.5599663 + j 104.932 + j 131.383 
4 * j 105.812 - 1.8613504 + j 108.161 о 2nd ord. 


From these one mav form the overall transducer function in the following form: 


H(s) = Е (в) ° H (s) where 


1 
4 T: 2 
H (s) = c, 8-5 0.259647 s” + 2.084933 s” + 0.2710239 s + 1.064664 
2 
4 - 3 2 
H (s) = c, 8-3 0.1085687 в + 2.993473 s' + 0.114406658 в + 0.9719685 


2 
(в + 1.197932) (s? 4 1.313832) 


H) (s) is formed from the natural codes 2 and 3 which have the largest real parts, 
Н (5) of the others. Because of stabilitv and ease of adjustment, one may consider 
the second transducer function as a passive LC ladder circuit. The first could 


possibly be an active RC device. 


Input data for the computer aided synthesis of H (s) 


сокомм 1 1 г е 3 3 4 $ 5 5 6 6 7 7 8 


ecccccceceÜcccecDeccecÜccceDecccÜcccecDeccc 0 ооо обоо оо Оооо обоо оо Оооо обо оо оОоооо Seco 


"REALIZATION ONLY 


+РУВЯТЬ REALIZATION . А 
D RE u DEGREE OF F(S)= 4 DEGREE OF Р(5) 2 NO.OF ATT.PLS.= с 


DEGREE ОҒ E(S)= 4 

REF .FREQUENCY 100.0 KHZ REF .RES, 1000.0 OHM 
Х) = 0.0 Yls 119.793 KHZ 
Кет 0.0 Yes 131.383 KHZ 

Еда 0.9719768 

Еј г 09114406658 

Eds 29003473493 

ЕЭ= 0. 10856874 

Е4= 1.0 

Foz 0.0 

ЖЕ 0.0 

Tim 0.0 

F3s 0.0 

F^ 0.0 

2 REALIZATIONS 
D 1 e 
D 2 1 


° i | 2 3 3 4 4 5 5 6 6 7 7 6 
CO En x : с 6. оО a оо ооо о ооо о ооо обоо оо 0 ооо обо осо (ооо оде ооо( 


УС еоооо о Оооо оЗоооо0 ооо 
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Resulting overall circuit 


" — = L 1 
- | 
ho 


| 
k—— ü te) en ee H, (a) — 


Element values for a load resistor 1000 Ohms: 


Li = 0.254 mH, С, = 10.6 nF, 1 = 119.793 kHz, tap at 0.654 of total turn: 
L, = 0.981 mH, С, = 2.49 nF, Е 2 - 131.383 kHz, tap at 0.600 of total turn: 


In attempting a hybrid circuit as above, one should be aware of severe limi- 
tations. Firstly, the кача of the two realizations are both curved, only 
their superposition generates an equal ripple response, theoretically. In 
practice, the compensation will not be perfect. Secondly, one loses at least 
partly the advantagesof an overall LC design. Such a desigh has inherently a 
zero-sensitivity of the transducer loss at all reflection zeroes. * This 
advantage is partially lost in the hybrid design. However, with the high 


quality ferrites and capacitors now available, the attenuation poles will be 


very stable. 


* Orchard, H.T.:  "Inductorless Filters: (Electronics Letters, Vol. 2, 
Pages 224 - 225, June 1966) 
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< 
VII. Realization Methods ON 


After having arrived at suitable functions K(s) and H(s) such that a Bet of 
specifications can be satisfied, the designer must decide on which network type 
would be most economical as a realization. To this, many factors must be ta- 
ken into consideratian. The realization by LC networks should be included in 
these considerations because they are in most cases cheaper and more reliable. 
In order to decide correctlv for or against LC networks, the designer should 
understand the basic concepts of their design and also the limitations implied 
by the components. He should be able to visualize one or several potential 
networks and relate these, qualitatively, to functions K(s) and H(s) of cor- 
responding complexities. He should also be able to relate given functions 
K(s) and H(s) to several possible circuits. Finally, he should be able го 
anticipate in his mind the necessary network transformations by which many 
circuits must be implemented. In these activities, the neophyte and the 
experienced designer are aided bv conventional methods and procedures and 
by tables. Some of these are the subject of this section. 

As in the case of reactive two-terminal networks, one can distinguish between 
realizations which require a minimum number of circuit elements (canonical 
configurations) and others which exceed this minimum number. In case of LC 
transmission networks, these non-canonical structures are often preferred for 
practical reasons, particularly for ease of tuning, adjustment and stability. 
One may also distinguish between two-parts which provide only one path along 
which energy can be transmitted from the input to the output and others with 
multipath transmission. In multipath structures such as lattices, bridged T's, 
double T's or parallel ladder circuits, attenuation poles are generated by 
cancellation of energies arriving at the output terminals along different paths. 
These cancellations are very sensitive to element variations and the adjustment 
of only one circuit element usually shifts all attenuation poles. This makes 
adjustment difficult. An exception to this is the parallel tuned circuit in 
the series arm of a ladder structure. It provides two paths of energy between 
two nodal points of the circuit: one through the coil the other through the 
capacitor. No transmission occurs if these energies have equal amplitude but 
opposite sign which occurs at the resonant frequency. However, adjustment of 


this parallel circuit effects only one attenuation pole, so alignment is simple. 
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[ke -- -‏ | ان 
е — u‏ 
5 1 
Figure VII. 1 Transmission Network with Ladder Structure‏ 
Contemplated |‏ 
Circuit arm P дй‏ 


2 finite atten. poles 


Assymptotic behaviour for 


5 > 0 


Pole of 4th degree at zero 





| Assymptotic behaviour for s + o 


2 shunt capacitors in the center 


can be combined; therefore only | 


| 
4 elements total | 


1 | ! | 


Э 3333] б 


_ 12th degr. polynomial 


Structure of the characteristic function: K(s) = > > 5 2 
SU s e SENE) 
©] со 2 
Figure VII.2 The Derivation of K(s) for a Specified Circuit 
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Dual considerations apply to series resonant circuits in shunt branches of 
ladder structures. In spite of these facts, ladder circuits are considered 
as one-path transmission networks. 

In ladder circuits with positive elements, attenuation poles can only 
occur at the reactance poles of the series branches Z1» Z4» 2,5 etc. or at the 


reactance zeroes of the shunt branches z z, etc. (see Fig. VII.1). 


» 2,» 
However, one must not conclude that the Жыз = type of these reactance poles 
and zeroes is identical to the number and tvpe of attenuation poles of the net- 
work. (For a proof of this, see[BA-1], pgs. 151-153.) In order to relate a 
given ladder circuit to a particular characteristic function, the following rule 
could be followed although it does not applv in all cases. (See Fig. VII.2): 
(a) Count the number of resonant circuits which block the signal flow. Each 

of these corresponds to a factor (s^ + we) in the denominator of K(s). 

In Fig. VII.2, there are two such circuits which contribute ба” + a) 

(s? Ru ) to P(s).. 

со 2 

(b) Redraw the circuit according to its asymptotic behaviour as 530. This 
eliminates all capacitors in shunt branches and all inductors in series 
branches Combine elements, if possible. The number "т" of remaining 
elements is equal to the multiplicity of the attenuation pole at O. In 
Fig. VII.2, m = 4. 

(c) Redraw the original circuit according to its asymptotic behaviour as 5-9. 
Eliminate and combine elements іп an analogous manner. Тһе number of 
remaining elements is equal to the multiplicity of the attenuation pole 
at infinity. It is also equal to the number by which the degree of F(s) 
exceeds the degree of P(s). In Fig. VII.2, this yields a numerator of 
12th degree. Its 12 reflection zeroes can be chosen according to the 
specifications, for instance to make the passband maximallv flat, or 
equal ripple or to give it any other desired shape. 

Most experienced designers proceed in the manner that thev first contemplate 

a circuit which may satisfv the requirements; then they determine the complexity 

of the related K(s) and carry out the approximation procedure with this function. 


Finally, they control the realization procedure such that they arrive at the 


numerical values of the contemplated circuit. 


Ls Canonical ladder realizations 
For symmetrical and antimetrical networks, there exist two canonical realiza- 
tions which are of limited practical interest. These are the lattice and the 


partial fraction realization. For these, reference is made to various textbooks 
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tt atum 
on synthesis. (For instance [GU-1], pgs. 194-288; [VA-1], pgs. 313-367; 
[CA-1], pgs. 439-446.) The discussion will be restricted to canonical ladder 


configurations because they do have some practical importance and they are the 
basis for the most commonly used non-canonical ladder configurations. 
Procedures leading to ladder configurations in general are encountered in 
the realization of arbitrary impedances according to Brune's method ([GU-1], 
343-356; [VA-1], pgs. 161-172). According to this method, it is first 


pgs е 
necessary to remove from the driving point impedance or admittance all 1-ах15 


poles at finite or infinite frequencies. 


Alternating between these "reactance-susceptance reductions", one may succee 


in reducing the impedance to a constant term, namely a resistor. The reactive 


components of this reduction form a lossless transmission network and the last 


resistor is the load. 
However, if all possible reactance-susceptance reductions are exhausted 
without having achieved a complete reduction then the ladder development can be 


The normalized impedance 


continued by one or several consecutive Brune cycles. 


at this stage of the reduction is then necessarily of the form: 


n 
z(s) = n(s) Ed | (VII 1) 
d(s) n " ° 
У ds 
то v 


Performed in the conventional manner, each 
Details 


where all coefficients are > 0. 
Brune section will contain one resistor and three reactive elements. 
may be found in most textbooks on network synthesis. As a result of this pro- 
cedure a ladder structure similar to the one shown in Fig. VII.3 may be expected. 
If the perfectly coupled coils of a Brune network are counted as one element, 
namely as a tapped coil, then each block in Fig. VII.3 reduces the rank of the 
impedance by the same number as there are reactive elements in the block. It is 
significant for this type of realization of an impedance: 
(a) that the resulting network will contain resistors throughout the network 
and, therefore, power delivered to the input terminal will be dissipated 
in all resistors and not solelv in the load as desired. 


(b) that the sequence of Bruen sections is not arbitrary,but depends on the 


real part of the driving point impedance at each stage of the removal. 
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Typical sections for 
reactance, Susceptance 
reductions. 





reactance-susceptance reductions sequence of Brune sections 





Figure VII. 3 Typical Impedance Realization by Brune's Method 

Ве (2, |. 

E Figure VII. 4 Typical Real Part of the Driving Point 
Impedance for a Lossless 


1.0 _ Transmission Network 
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"3 5 > 2 0 
Figure VII. 5 Realization of a 5th Degree Low-Pass by Brune's Method 
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Driving point impedances of lossless transmission networks are special cases 
According to equation II.10 and also II.13, one may derive for the real part 


of 2 (jw) 


| 1 _ p(s) p(-s) 
Re [2 = 2 184369) + 24,0914, = TEO + FGDl[ECs + FEAT 1118 


Consequently, Re[z, (Jw) ] = 0 at all attenuation poles and also at infinity if 


the degree of E(s) exceeds the degree of P(s). For instance, for the 5th degree 


lowpass of subsection VI.l with 


E (s) = C,[s? + 2.724999s" + 8.709958? + 14.06758s^ + 16.75988s + 10.8744] 


Е. (в) ә С. Ге? TEES DE NUS | 
1 1 

2221 287 + 2.724999s^ + 13.70996s + 14.06758s^ + 20.75988s + 10.8744 
B s.7249998^ + 3.70995853 + 14.06758s? + 12.75988s + 10.8744 


dne may qualitatively expect a real part as shown in Fig. VII.4. Following the 
method as illustrated in Fig. VII.3 yields the circuit "A" of Fig. VII.5. 
However, because the real parts of the impedance is 0 at Wop? 92 and infinity, 
one may remove the Brune sections first and remove the pole at infinity last 
(circuit "B"). In both circuits, the structure of the impedance is indicated 
at each stage of the removal procedure. For instance, the fraction "5/4" 
indicates a 5th degree numerator and a 4th degree denominator. 

The realization of the transmission network becomes considerably simpler 
if the termination of the network is removed either by shorting or disconnecting 


the bad resistor. Zin becomes then Z с where 


_ Bert: 2224005 14.087588^ 4 30.8753 
а Мм кек Und 
me о о 3.709958s” + 12.75988s 

ра: _ E + i _ 25.8 t 13.709965” + 20.75988s 
7 ----- = ———— = ا ا ل‎ ани 
sc E. “Е 4 


711 е е 3.724996“ + 14.06758s^ + 10.8744 


The task is now to decompose either of these reactances such that one obtains the 
same structure as if a decomposition of z., were carried out. In this decomposit: 


each branch reactance is responsible for an attenuation pole; at these, the prese: 
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or the absence of the load resistor is irrelevant. For this reason, one can 


expect the numerical values of the elements to be the same regardless of whether 
they were obtained from the decomposition of the reactance or the impedance. 


Removal of an element is conventionally called the "full or partial removal 


of an attenuation pole". For instance in circuit "A", dy represents the full 


removal of a pole at infinity; significant is that the rank of the impedance 


(or the reactance) is lowered by l. "Bs f. represents the partial 


removal of an attenuation pole at infinity; significant is that the rank of the 


In circuit 


impedance remains unchanged. 
In canonical ladder circuits, attenuation poles at finite frequencies must 


be removed by Brune sections. In the above circuit, these require three induc- 


tances which may be called 542 % апа E The first two, V and D result from 


partial or full removals. The third, Les is calculated from the condition of 


perfect coupling 
А % 


N % + x, Ќе T % Хы = i 77 A 4 е, 


(VII.3) 


Normally, the inductances V and 2 in the series branch are responsible or they 


contribute to an attenuation pole at infinity. However, because of perfect 


coupling, the section approaches an ideal transformer as s > o. 


Attenuation poles at finite frequencies can also be removed in canonical 


form by one of the three sections in Fig. VII.6. All of these are equivalent 


to the conventional form of the Brune section in the right-most column. Because 


each of these removes one pair of attenuation poles, they could be called "Brune 


sections of first order". Obviously, the concept can be extended to the removal 


of an arbitrary number of finite attenuation poles by "Brune sections of higher 


Cauer "5 artial fraction circuit for instance is such a circuit. 
° ° 
An exception is the re- 


order". 


However, such sections are of little practical value. 
moval of two pairs of attenuation poles of a pole quadruplet. For these, 
canonical sections are quite useful Canonical ladder circuits were first publi- 


shed by Piloty [PI-1] . In this publication, the removal of sections is carried 


out with mathematical rigor by means of the decomposition of the chain matrix. 
An eacellent tutorial treatment based on the decomposition of the input impedance 


may be found in [TU-1] , chapter 9. The analytical details of the removal are 


discussed briefly in Appendix F. 
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2). 
e fry lu 
A final word on practical aspects.Brune sections do have some practical " 


importance in the field of circuit design. They are occasionally indispensable 

if negative elements appear in non-canonical ladder circuits. They are always 
indispensable for the realization of attenuation poles on the real axis. Finally, 
they are in some cases the most economical solution, not only because they may 


save one or several elements. They should be considered at least at some stages 


in an otherwise non-canonical ladder circuit. If the physical structure of the 


tapped coil can offer a low leakage then these sections work quite well. 


2. Non-canonical ladder realizations 

The main disadvantage of canonical ladder circuits is the appearance of 
negative elements. These require inductances with very tight and critical coup- 
ling. In many applications, such inductances are impractical, undesirable or 
impossible. By necessity, negative elements will always appear when a finite 
attenuation pole is removed Бу one of the Brune sections in Fib. VII.6. 
Therefore, it will only be necessarv to consider the modification of those 
sections. The circuit "В" in Fig. VII.5 offers the solution. Its significant 
difference to circuit "А" is that the attenuation pole at infinity is not 
removed at the beginning. Consequently, На is potentially positive and its 
removal from Zin does not violate any decomposition rules for one-ports; neither 
does the removal of the resonance circuit i, Co: The reduced impedance is there- 
fore, still realizable. There is no need to complete the Brune section and, in 
doing so, introduce a negative element. One may rather repeat the procedure for 


the second attenuation pole and remove, finally, the attenuation pole at infinity. 


Fig. VII.7 shows the resulting circuit and indicates also the removal steps. By 
comparison with circuit "В", one may conclude that 

= : = . - ; = ; “8, 19 

я uL Кз TII 5; + m IV 5 ^y 6 7 

Potentially, all circuit elements are positive; however, the circuit requires 


now 7 elements rather than 5 as previously. 

These introductory remarks are necessary to prepare and justify the rules 
of the well known "zero shifting method ", ([60-1], pgs. 231-245; [VA-1], pgs. 
112-136). Originally, this method was introduced by Bader ([BA-1]). 


In complete analogy to canonical circuits, the zero-shifting method decom- 


poses a suitable input reactance. Its objective is to achieve again a ladder 
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Figure VII.7 The Non-Canonical Realization of a 5th Degree Low-Pass 
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Figure VII. 8 Non-Canonical L-Sections for the Removal of Attenuation Poles 
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network which could also be obtained by the decomposition of the input impedance. 

The additional benefit is the control of the decomposition procedure so that the 

resulting circuit is potentially free of negative elements. To this end, the 

following two rules must not be violated: 

(a) In preparing the full removal of an attenuation pole by a resonance circuit, 
the partial removal of a reactive branch must be consistent with the struc- 
ture of the reactance at the point of removal. For instance, an inductance 
in the series branch can onlv be removed if the structure of the reactance 
is either [(2m+1)th degree]/[(2m)th degree] or [(2mth degree]/[2m-1)th 
degree]. 

(b) The reactive element which prepares the full removal must not introduce 
an attenuation pole unless this pole is still present in the remaining 
network. For instance, the removal of a series inductance is only per- 
mitted if the remaining network still contains an attenuation pole at 
infinity. | 

Conventionally,the removal of an attenuation pole is carried out by the L-sections 
shown in Fig. VII.8. One mav notice that these sections consist of the left two 
branches of the Brune sections in Fig. VII.6. The analytical procedure to calcu- 
late the element values of these L-sections is identical to the corresponding 

Brune sections except that the last is not calculated and its removal is not 

carried out. To facilitate the selection of removal sections without violating 

rule (a) above, the table of Fig. VII.9 may be consulted. The top line in this 
table indicates the degree of the '"resceptance'" at the point of removal. (Тһе 
тота "resceptance" is a convenient contraction of the words "reactance" and 

"susceptance", similar to the "immittance".) Underneath the top line, shaded 

and unshaded areas are arranged in horizontal rows. On either side of these 

rows, the potential structures are indicated and also the type of pole they 

normally remove. The block at the intersection of a selected "degree" and а 

selected "type" are shaded if these are imcompatible. Otherwise the block con- 

tains the structure of the reduced resceptance after the removal. The circled 
numbers in the centers of the block quadruplets refer to the particular subroutines 
in the computer program SYNTH2 which carry out the removals. 

The first four rows of the selection table are complete removals of attenu- 
ation poles at zero and infinity. The following four rows pertain to procedures 
by which attenuation poles at finite frequencies are removed. For attenuation 


poles above and below the passband, the conventional selection of sections is 
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Figure VII. 10 А Demonstrative Exa 


made as shown in Fig. VII.8. The last row pertains to a routine by which two 
pairs of attenuation poles can be removed simultaneously, one normally above, 
the other below the passband. This subroutine is also part of SYNTH2. 

Fig. УІІ.10 may serve to demonstrate the use of the selection table. Тһе 


example is an 8th degree bandpass with the following set of attenuation poles: 


000 w о, со 


It is assumed that w is an attenuation pole above Wo below the passband. The 
decomposition is carried out for the input reactance 241 which is of the form 
7th degree/8th degree. 

The first removal sequence which yields circuit "A" is 0 - Qj - Шот 0-0- 
The steps of the removal with some explanatory remarks and the structure of the 
reactance at each stage of the removal are indicated. The other circuits show 
only the selected sequence of the pole removal and the resulting circuits. Sig- 
nificant for circuit "B" is that its pole removal sequence is the reverse of "A". 
Comparison of the two ‘circuits shows that a reversed pole sequence does not 
necessarily yield the network in reverse. 

Significant for circuit "С" is the removal of all attenuation poles at 0 
and ° at the beginning. Consequently, the poles at finite frequencies must be 
removed by Brune sections. The same circuit would result if the input impedance 
were decomposed in the conventional wav by reactance ~ susceptance reductions 
first and Brune sections at the end. | 

The analytical methods for all removals are similar to those shown in 
Appendix F. Also, the determination of the turns ratio of the ideal transformer 
can follow similar concepts. It should also be mentioned that most circuit reali- 
zations must be followed by suitable network transformations in order to yield 
reasonable element values. 
3; 


The computer program SYNTH2 for the realization of ladder networks. 





In the computer program SYNTH2, the ladder circuits are developed by the 
ВЕ of a suitable input reactance. This may either be Zoe OF 25, which- 
ever has the higher rank. The circuits derived from these reactances and their 
dual are printed side by side. Of these, the circuit оп the left alwavs uses 
column 2 or 3 as starting colums in the selection table (Fig. VII.9), depending 


whether the degree is even or odd. 
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The decomposition is controlled by the removal sequence of attenuation 
poles. This sequence is specified by a list of order numbers by which the 
attenuation poles are stored. The program automatically determines the type of 
attenuation pole and selects the appropriate subroutine for its removal. Atten- 
uation poles at finite frequencies above the reference frequency will be treated 
as if they were also above the passband and vice versa. For this reason, it is 
advisable to select the reference frequency somewhere in the passband range. 

The program automaticallv keeps account of all pole removals regarding the 
type. Before a transfer is made to a subroutine for the non-canónical removal 
of an attenuation pole, a check is made if the attenuation pole needed for the 
partial removal is still available. If not, the removal will be carried out by 
a Brune section. The designer also has the option of forcing such a removal by 
making the pertinent order number in the removal sequence negative. 

All pole quadruplets are removed by canonical sections. For the physical 
realization, it will be necessary to perform a network transformation similar 
to those used with Cauer's partial fraction networks (see, for instance, [VA-1], 
pgs. 313-318). The computer program also offers the possibility of removing two 
pairs of attenuation poles simultaneously. In order to assure positive elements, 
potentially, one of the attenuation poles should be above, the other below the 
passband. The removal of such a pair is specified by placing an asterisk between 
the pertinent order numbers. If non-canonical sections are not possible, the 
removal will be carried out by canonical sections. 

4. Consideration of losses 

Although the components used for the physical realization of filters has 
reached a high degree of perfection, they all have at least some inherent losses. 
Depending on frequency range and application, in many cases the deterioration of 
the performance due to the losses is negligible or tolerable. If they are not, 
conventionally one of the following actions are taken: 

(a) The addition of an amplitude equalizer (see, for instance, [VA-1], chapter 

12). Advantage: the return loss is improved; disadvantage: a flat loss 

is introduced. 

(b) Correction of the resulting circuit preferably by an optimization procedure. 


(c) Predistortion of the lossless response to anticipate the distortion. 
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Of these, the predistortion method will be discussed briefly. Ina first 
approximation, a coil can be modeled by an inductor in series with a resistor; 


therefore, its impedance is 


А К : 
Z =R+jwL = (+ j w) 1L = (o, + j w) L (VII.4) 


In analogy, the admittance of a lossy capacitor is 
А С . ; 
Y. =G+jwcC= (с + j ш) C = (с. + j w) C (VII.5) 


If one assumes от = Oc = G for all components of the transmission network, their 


impedances and admittances will be of the form 


211 = s L, and > = s С. where s = O + j ш (VII.6) 


Because all impedances of the transmission network will have the same form 
as their lossless counterparts, one must be able to derive the identical trans- 
ducer function as previously. However, to evaluate now the transducer loss one 
must move along not on the j-axis but at a distance O to the right in parallel. 
In SYNTH1, such an evaluation can be performed. In the "K(s)-mode" on data 
card 4, column 70-77 one may specify o = f [kHz]/Q where f is the frequency in 
the critical range and Q the quality factor of the components. In practice, only 
the inductors will introduce losses. To take this into account, one makes the 
Q = 2 Qi where Q4 is the average Q of all coils. 

If the poles and zeroes of H(s) were all shifted to the right by O, the loss 
response must be identical to the lossless response. This shift, in principle is 
the concept of predistortion. In practice, it can only be applied to the natural 
modes and not to the attenuation poles. ТЕ these poles were all at infinity, 


predistortion is completely correct. 


VIII. Z-plane Transformations 


In many practical applications, the design of frequency selective networks 
can be aided by suitable conformal mappings of the original s-plane onto an 


auxiliary z-plane. Any dependent variable, for instance the transducer loss, will 


be transposed accordingly. 
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Several reasons may suggest the use of such transformations. In some 
applications they serve as an auxiliary step to aid a limited objective in the 
overall calculations. Such objectives are, for instance to ease the calculation 
of complex roots or to determine the proper location of attenuation poles, or 
others. In all these methods the major portion of the calculations is carried 
back to the s-plane after these limited objectives have been accomplished. 
Often, as an additional benefit, these methods offer drastically reduced preci- 
sion requirements which are lost, however, upon return to the s-plane. ТЕ is 
therefore natural to broaden the scope of the original objective by postulating 
that the entire calculation be performed in the z-plane. Such methods have 
been proposed by various authors , ([IE-1], [SZ-1], [OT-1]). 

Of special interest in the mapping of the s- onto the z-plane is the trans- 
position of the original j-axis because it represents the locus along which the 
performances are specified. In many applications, it is useful to design the 
mapping function such that the original passband range is extended to the entire 
j-axis in the z-plane. For the important case of lowpass filters with a passband 


range - j < s = 10< + j, this is accomplished bv the function 


2 = — - $ = (VIII.1) 
v2 Y 2 
s +1 1 - 2 


For tutorial reasons, this rather simple mapping function was selected in 
preference of others which are more general. These will be mentioned briefly 


at the end of the section. 


1. Polynomial transformation 
Let R(s) be a polynomial of n-th degree: 


R(s) = В 6 +R s n + .... + R, s + R (VIII.2) 


substituting the expression of equation VIII.1 yields: 


n п-1 


Rls(z)] = R ee + R _1 ب‎ + .... + R 
i 1 Ба 1 - 7 
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After some algebraic manipulations one will arrive eventually at the following 








form: 
r. 20 + M Quen 4 r2 21-2 + m Qe + .. R(z) 
R[s(z)] = — | = (VIII.3) 
( 1 - 22) x 1 - 22 


In the numerator, the asterisks indicate a factor v 1 - nn which has been omitted. 
The numerator has the formal appearance of a polynomial and shall therefore, be 


called a pseudo-poiynomial. It can be separated into an even and an odd part 


- R (2) + R^ (=) if n = even 
R(z) - (VIII.4) 


= * 1 = 
= R (z) + Ro (2) if n odd 


The asterisks again indicate the attachment of У 1 - 2 to all its coefficients. 
The transformation of an s-plane polynomial will therefore yield an irration- 

al function with the following properties: 

(a) the denominator is the expression (Y 1 - 4298. 

(b) the numerator is a pseudo-polynomial of the same degree as the original 
polynomial in the s-plane; 

(c) the highest term of this polynomial is always rational; 

(d) rational and irrational terms alternate; 

(e) when separating the polynomial according to equation (VIII.4), the coefficient 
in either part depend only on the coefficients of the even and odd part of 


the original polynomial, respectively. Consequently, 


R(-z) = R (2) _ R^ (г) : R(z) R(-z) = R^ (=) - (1-22) R^ (=) if n » even 
(VIII.5) 
R(-z) = в (z) + (2) ; R(z) R(-z) = -R (г) + (1-22) R^ (=) ie s= pal 


Root factors in the s-plane are special types of polynomials. The transformation 
of these first, second and fourth order polynomials is shown in the table of 
Fig. vIn.l. 

Im view of later applications, it is of importance to investigate the decom- 


position of z-plane polynomials and their separation into root factors which 
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Transformation of Root Factors 
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correspond to root factors in the left and the Ши half s-plane, respectively. 
The considerations can be restricted to even Q(z > which possess only roots of 
even multiplicity on the imaginary axis in the z-plane. In this case it is 


possible to represent 0027) in the following manner: 


Q(z’) = R(z) R(-z) " " (VIII.6) 
: _ * 2 * 
with R(z) = СП(2 + d.) Ka, z + bi z + ej) (VIII.7) 


= m 2 * 
= e * = 
R(-z) C П(-2 + d.) (a, 2 b, z + с.) 


Therefore, 


n m 

0022) = с2(-1)" ta + 42) z? - 41 m [А z^ + B 2” + C] (VrII.8) 

Actually, this is the form in which one must bring the polynomial Q2 before a 
separation of root factors can be performed. In order to do this, one must 
first decompose 0) Жака conventional root factors in the following form: 


Во MEE V СМ 2 
Q(z) = Es П СС - 8 П (2 + В, z + Lm (VIII.9) 


(a) decomposition of quadratic factors 


2 
| ó 
(22-42 = (1 - 82) لے‎ 2? - LM =.G - 67(])1 чад) z^ - 421 
“4.47 TT M 
V V (VIII.10) 
with d = (VIII.11) 





= -[/1- 85 (z + ПИ - 82 Се + a9] (VIII.12) 


Therefore, 


n n | | n 
Па - 62) -п/1-6 (ажа) CDPI (И - 62 C245] — (VIIL.13) 


related to: root factors in the root factors in the 
left half plane right half s-plane 
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(b) decomposition of quartic factors 


(2 +В z +Y) = (1+8 +Y) [L————— n = = 
М H H u L q p. + а. 1 + + ГЕЧЕ г 
u * їй Pu Ul 1 + В, + Y1 


(VIII.14) 
4 2 
= [A z + В 2 + с 
q T ua 
with j B y 

ЕЕ Т.А = tem ox o o» 
4, 5, d т В, 5; С. 23 (VIII.15) 

u du Чи 

Therefore, 
T (2^ + В ие + Y.) + П а (a > + D. z + с) I q (a "e - БА z + с) (VIII.16) 
H H H H H H H H H H 
related to root factors in ЕНЕ root factors іп the 

left half s-plane right half s-plane (VIII.17) 


The parameters a › b and E can be calculated from those of equation (VIII.15) in 


the following manner: 


2 2 

= + = +vC 

A, = ќа, + b) ^u u 
2 

_ _ b -1-с (VIII.18) 

B, = а с =з) “ii u 
2 —— 

к 726 u u^ fu 


By means of these decomposition formulas, the polynomials R(z) will assume the 


form 
n , m 2 2 
R(z) = СП (z + d ) П (а, z + b, z + с) (VIII.19) 
with 
= 2. 5 
С = i П (1- 6 П Т (ҮІІІ. 20) 
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25 The two-port parameters in the z-plane 





The polynomial transformations may be applied first to the transfer poly- 


nomials and then, by proper combinations, to the rational functions K(s) and H(s). 





Let 
n = degree of F(s) and E(s) n € m for lowpass filters, 
m = degree of P(s) 
then __ 
F(s) > ق‎ 
(6 о - 
1 - 2 __ F(z) 
K(s) > K(z) = Se 
B 51-402 (а) 
E(s) > E (z) didis —— (VIII.21) 
17-2 235 u ` 
= 22. Е(2) 
н(в) > Н(2) - | = 
"UTEM (1-2) Fa) 
Ms) + —— 
From the relation 
E(z) E(-z) F(z) F(-z) 
H(s) H(-s) = 1 + K(s) K(-s) + — 1+ ——— 
(1-22)1- Р) P(-z) (1-22) 7" p(zyP(-z) 


one may derive the compatibility equation for the z-plane transfer polynomials 


EC) E(-z) = F(z) F(-z) + (1 - z^)" Р(2) P(-z) (VIII.22) 


The right hand side of this equation is an even polynomial similar to Q(z^) in 
equations (VIII.6)and (VIII.9). Its decomposition yields the polvnomial E(z) in 
the form of equation (VIII.19). 
In lowpass filters, P(s) is always even. Therefore, the separation of the 
even and odd parts of K(z) and H(z) is carried out by separating F(z) and E(z) 
in their even and odd parts, respectively. From these, the two-port parameters 
can be formed (see the table in Fig. VIII.2). 
Example. Transpose to the z-plane the characteristic function K(s) 
2 

K(s) = с = + 0.5) 

(s + 0.5) 
where C should be determined such that À = 3.0 dB at s = O. 
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Figure VIII. 2 Table ci т-— аге Transforms 


(a) Transposition of the reflection zero and the attenuation pole. 


g^ = -0.5 > 2 = + j 
— + 
я. = -2.0 > z = +2 (2) + С = 1) 
(22-1) 
s = 0 > 2 = 0 . 
To make A(0) = 3.dB + C = -2 
(b) Transfer polynomials 
2 2 
F(z) = (z + 1); P(z) = -0.5 (z - 2) 
ани — 4 2 4 2 
F(z) F(-z) + P(z) P(-z) = (а + 2 z“ + 1) + 0.25 (z -4z + 4) 
s 1052 ша 4 
— е 1.25 4 i. и. аа. 9 4 2 
E(z) E(-z) = 4.25 (2-25 2 152 + 1-55! = q ГА, z + В ге +C, 
4 =.2.061; А = 0.2941; В = 0.2352; С = 0.4704 
V V V V 
(VIII.18): с; = = 0.4420 


0.6858; а = 0.3141; b 
v v 








E(z) = 2.061 [0.3141 22 + 0.4420 z И - z^ + 0.6858] 
Hg) = EG. z? + 1.4072 ВИ = z^ + 2.183] 
P (z) (27 - 2) 


Of the two-port parameters, the expression for 21 becomes 
Ее Fe _ 15.122° + 30.647 


( Ви 18.46 2 Да 


Z211 7 


3; Approximation in the z-plane 


In order to exploit fully the advantages offered by the z-plane, it is us 
to carry out the entire design in the z-plane, including the approximation. T 
this end, the specifications for the stopband are transposed to the real axis 
of the z-plane. The task of finding suitable locations for the attenuation po 
is simplified by the close relation to Rumpelt's template method: The absciss 


Y of this template is the logarithm of the frequencies on the real axis. 
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After a suitable set of these attenuation poles has been found, it is also 
considerably easier to determine a polynomial F(z) which yields an equal-ripple 
variation of the transducer loss in the passband, i.e. over the entire j-axis in 


the z-plane. To this end, one has only to transpose the pertinent formulas of 


subsection V.2 to the z-plane. 


m, S 














Fig. V.9: 4, (8) = š + Q (2) = m. 2 (VIII.23) 
y 2 
1+5 
(V.46): 
| legen жайгаш аы 
OEE O 2 БЕ Чао 
а(2) - 1 127 1 r,z- l m, Z ¬ 1 
For instance, the composition for two attenuation poles yields 
2 
m + + +1 
Е О и Bu дырын 
q= l (А) 2- 1)(m., z - 1) =, m, z^ - (m) + m.)z + 1 
22 + (m, m.) Es 
J Z 
ee eg eg 
(m, + m, )z 
=] 7 - -1,2 2 
(V.48): (2 + (m m) Г + в, +m, ] z 
К (г) - | 1.2 222 
[z + (m, m.) je [=, + m ] г 
4 -2 2 -2 
m z + (4 (та m, + mi + 2."]z + (m, m^) 
(V.49): K(z) = С Eu ENSE, 5 
(2 - ш, )(z ==.) 
1 = 
4. Realization procedure in the z-plare 
After having arrived at a suitable se- -= T272—7Ort parameters, one could 
return to the s-plane to carry out the rezliza-i-- »rocedure. However, to exploit 
fully the advantages of the z-plane the res!:z=-:>- should also be carried out 
in this plane. 
The decomposition of a ladder zeww:rx in the s-nlane is conventionally 
"iz. 21.9. Іп all these subroutines, 


carried out by the eight subroutines 2: 
іст of even rational functions at 


the element values are calculated ст tha ет 


a particular pole. For instance, = série !rZuster is calculated by 
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; 1 ; | 
$. = lim = z(s) in case of a full removal of an attenuation pole 
BI 5 
e 1 e e e 
2. = Jim = 2(5) in case of a partial removal of an attenuation pole 
S =—() 
OO 


In both cases, the expression on the right side is an even function. The same is 
true for all subsequent steps. For this reason, one can not expect complications 
due to factor Y1 - 22 which appears in all two-port parameters. For instance, in 
the numerical example above one proceeds in the following manner to calculate 


the circuit elements: 


u. our ВА а) 
e Fe _ 15.12 2° + 30.647 ر‎ 


z = 
bb ИЯ 18.46 z 7 
1-2 " l-z оро 














1 2 3 
EE | 15.12 22 + 30.647 
Каа е СУРЕ ev PS ICE NEN LL 
z^ = 2 18.46 z » = 2 
_ и 2502830292 1066 
Z, = £41 ——— = ——— 
BE “1-22 
-Z z l-z 
c, = 0:6024, 4, = 0.830 
2 
_2 -1 M E 
тт i, + С, (2, + в.) z2 + s 
Z, = ———— ШТ сет 
2 сЕ Ta 
z l-z 
l-z 


ka can be calculated from the condition for perfect coupling between the three 


coils. 


5, General z-plane transformations 





The preceding subsections describe in rather sketchy form the main concept 
of z-plane transformations. As discussed, the transformation applies only to 


lowpass filters. A more general transformation is of the form 


xl 2 
"n 
2 . // 5 ; 0 < |а| <1 (VIII.24) 
1 + 5 
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which maps the j = j j 
p range j lal < S = ju < j and its counterpart on the negative 


J-axis onto the entire imaginary axis of the Z-plane. Obviously, for lal > 0 
9 


this is the passband range of a bandpass; for a = 0, the transformation formula 


degenerates to equation (VIII.1), the lowpass case. In great detail, the entire 


design procedure for this transformation has been described by Orchard and Temes 
in the December issue of the 1968 Transactions on Circuit Theory. According to 
Temes, the z-plane transformation offers an advantage of approximately 3 1 in 
precision requirements over conventional s-plane design methods. 

An alternative to the z-plane is an s-plane design method which has been 
suggested by Skwirzinski [SK-1] . According to this method, the various poly- 
nomials are not defined and stored by their coefficients but by their roots and 
a constant multiplier. The precision requirements are also drastically reduced, 
supposedly almost as much as with z-plane methods. 

If one wants to invest a considerable effort in writing a versatile computer 
program for the synthesis of transmission networks, one should design such a 
program for degrees. up to 40. From experience, the program will then be adequate 
to cover even the most complicated transmission networks in multiplex telephone 
systems. Regarding precision, the choices are between conventional s-plane de- 
sign methods for which a precision of up to 35 significant digits is sufficient 
in most cases. With the other two methods, regular double precision with 16 


significant digits is adequate. 
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Appendix A: Norton Transformation ([NO-1]) 


1. The general concept 








* Ж 
_ а а | | 21°" а 2/1 
7 * * ~ / 
45, 822 J at — 822/t 
БД 
* 
= о 222 [CUTS 522 1 Е 
2 = = = . 
iFa 0 11 ж Ir A p] ж ig 
21 12 a>] a12 
Z 
1 P3 * 01 272 * 2l Е 
ты > 7312 a12 1% 7 „* t ° 712 E У12 
23 21 12 
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ور‎ 411 * Bon о * a11 2 
Z227 2 > Yoo а а ото $54 9. 722 
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2. The Norton transformation pro 
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Program SYNTH. 





Appendix B. Input Data for the сстгоысег 


l.Input data for ЗУМТН1 


The part ЗУМТН1 of the overa:: „tier Program carries out the calculation of 





all transfer polynomials and the еуа-шасісп of up to 4 transfer performances. It 
can either start from the poles ar: zares оғ K(s) or those of H(s). The selection 
of either mode and also other Јов“ са“ Zecisions in the program are made from key- 
words rather than code numbers. -:s Simplifies the application. 
In the K(s) mode, the essential :---- сага are: 
(а) an arbitrary set of reflectic- zer-es from which the polynomial F(s) 
is formed. 
(b) an arbitrary set of attenuatic- гс-ев from which the polynomial P(s) 
is formed. 
The constant С, is derived from the <сес: 


frequency I (kHz). It is necessary 25а: the degree P(s) < degr F(s) < 19. 


In the H(s) mode, the essential input Саса are: 
(а) an arbitrary set of natural -сігз !r:z which the polvnomial E(s) 


is formed. 


e те mom .. 


is formed. 


The constant Cu is derived from the 5рес“-те- 1255 4 
of H(s). It is advisable to assign a small тс: finite loss А, (dB), for instance 


(dB) at the absolute minimum 


0.001 dB. ТЕ is necessary that дерт P(s) < Зет Z(s} < 19 and, furthermore, that 


Qa = a т> = 


the roots of the derivative of H(s). 


In either mode, two of the three transfer го: сос а15 are specified. The 


з-‏ جڪ س 
ч ef‏ 


third is then calculated from the compatibili-v ес-г-: 


Е(5) E(-s) = F(s) F(-s) + P(s) P(-s' 


- - - - = 
е ac m 


With all transfer polynomials well estat-is-s- lowing transfer performances 


are carried out: 


the transducer loss - keyword " 1055 
the phase response - keyword " PHAS 
the delay response - keyword " DEL+ 
the step response - keyword " 5727 


the impulse response- keyword DM 
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At the option of the user, one to four evaluations can be carried out in one 
batch. In these evaluations the frequency or time scale can be linear (keyword 


"LINE") or logarithmic (keyword 'LOGA") 


Data format for SYNTHl. (See Fig. B.1) 


K(s) -mode H(s)-mode 
Crd. 1  col.02-40 Arbitrary title Arbitrary Title 
col.70 keyletter "K " keyletter " H " 
Crd. 2  col.10-11 degree F(s) degree E(s) 


col.30-31 no.of refl.zeros at origin | no.of complex root pairs 


col.50-51 no.of pairs of refl zeroes no.of E(s) roots on real axis 


col.70-71 no.of refl.zeroes real ignored. 
Crd. 3 col.30-31 no.of atten.poles at the origin 
col.50-51 no.of atten.pole pairs on either axis 
| со1.70-71 no.of atten.pol quadruplets 
Crd. 4 со1.10-17 reference frequency ( kHz ) 
col .30-37 A (dB) as discussed above 


col .50-57 Е (kHz) as discussed above | ignored 
col.70-77 the real part G ( kHz ) of a frequency which is used 


in the evaluation of the transducer loss. Default o=0.0 


Ста. 5 col.10-13,30-33,50-53,70-73 keywords LOSS,PHASE,... etc 
Crd. 6 col.10-17,30-37,50-57,70-77 minim. ` 
Crd. 7 col.10-17,30-37,50-57,70-77 maxim. | : 
of the evaluation range 
Crd. 8 col.10-13,30-33,50-53,70-73 scale. 
Crd. 9 col.10-17,30-37,50-57,70-77  increm. 


Crd.10 col. 2-40 arbitrary. suggested : "PLOT MARGINS" 

Crd.11 col.10-17,30-37,50-57,70-77 left margin 

erd.l2 col.10-17,30-37,50-57,70-77 right margin plot range 

Crd.13 col.10-17,30-37,50-57,70-77 subdivis.of 

Crd.14 col. 2-40 arbitrary. Suggested 'REFL:ZEROES" or''NATURAL MODES" 


Crd.15a со1.10-22 real part real part 


of refl.zero of natural mode 


col.30-42 imagin.part imag.part 
As many cards as needed for all refle.zeroes or natural modes. Do not include 
those at the origin. One member of a pair only: 
Crd.16 col. 2-40 arbitrary. Suggested : "ATTENUATION POLES" 
Crd.17a col.10-22 real part 


of attenuation poles 
col.30-42 imaginary part 
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Figure B.l Tyrisal Secs Zee 1 


(The data in the unshaded areas ars ezserz-isl. Data іп shaded areas is 
arbitrary and can be used for convenienza as one pleases. Most of it will be 
duplicated in the same form on the crinter.) 
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Figure B,2 Typical Data Format for SYNTH 2 


Data cards for SYNTH 


ТТТ 





75--- No. of realizations 


Removal sequences as in SYNTH? 
(see note below ) 





Note: In the transition from SYNTH] to 
SYNTH2 , the list of stored attenuation 
poles is augmented by those at zero and 
infinity. Those at zero will precede and 
those at infinity will follow the the list 
uf previcusly stored soles. 


Figure B. З Tvnical Data Format far сумт 
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As many cards as needed. Do not include those at the origin and at infinity. One 
member of a pair or a quadruplet only. 
2. Input data for SYNTH2 

If used independently, the program synthesis needs the coefficients of F(s) 
E(s) and also the degree of P(s). It also needs the locations of all attenuation 
poles, including those at zero and infinity. 

For the actual removal of all attenuation poles in the realization procedure, 
one must also specify one or several sequences by which these poles are to be 
removed. Each removal sequence yields uniquely one ladder circuit. (Except for 


subsequent network transformations.) 


Data format for SYNTH2 (See Fig. B.2) 
Crd. 1 col. 2-51 Title 
Crd. 2 col.19-20 degr E(s) col.39-40 degr F(s) col.59-60 degr P(s) 
col.79-80 no.of atten.poles. 
Crd. 3 col.23-30 reference freq. (kHz) col.67-75 refer.resistance. 
Оран a = е part of all attenuation poles 
col.31-44  imag.part 
As many cards as necessary. List all poles, including those at the origin. 
Include only. one member of a pair or a quadruplet. Attenuation poles at infinity 
are indicated by a real part 0.0 and an imaginary part > 100 000. The number 
of poles must agree with the number specified on card 2. 
Crd. 5a col.10-29 coefficients of E(s) in ascending order 
b 
с 
Crd. ба со1.10-29 coefficients of F(s) in ascending order 
b 
Crd. 7 col.2-4 no. desired realizations 
Crd. 8a col. 1 blank or letter D. In this case the circuit will also 
be denormalized. 
©51:2-4.6-8.10-12,14-16 еве; removal sequence of arten seien, 
The numbers in these fields corresponds to the number in which 


the pertinent attenuation poles has been fed on a data card. There 


must be as many sequence cards as indicated on card /, 
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In the removal procedure of attenuation poles, SYNTH2 takes all necessary 
precautions which are discussed in section VII. For instance, one may by 
intention or by mistake remove first all the attenuation poles at zero or at 
infinity or both. Then, if the removal of an attenuation pole at a finite 
frequency requires first the partial removal of a pole at these frequencies 
the removal will be carried out by a Brune section. The user has also the 
option to force the removal of such a section by making the related sequence 


number negative. 


3. Input data for SYNTH 
In the version which is available from N. C. State and also as a service from 


CDC Cybernet, the two major parts SYNTHl and SYNTH2 have been combined into a 
comprehensive computer program SYNTH. This program is set up to carry out conse- 
cutively several batches of synthesis сатане» Fig. В.З shows the data 
cards for these batches. 
Crd. 1 col. 1- 2 Integer indicating the total number of batches. 
Ста. 2 col. 2 Letter "A","R" or "С". This card should precede 

each batch of data cards. 
As rather obvious from Fig. B.3. the letters "А" and "К" carry out а synthesis 
procedure as described in detail above. The letter "С" carries out a complete 
synthesis. After the completion of SYNTH1, there is a transition program which 
leads directly into the realization part proper of SYNTH2. In this transition 
part the specified list of attenuation poles is complemented by those at zero 
and at infinity. Those at zero will precede, those at infinity follow the 
attenuation poles specified in SYNTHl. All coefficients of the transfer poly- 
nomials are carried over. Therefore, it is only necessary to add the following 
cards after the SYNTHI data: 
Crd 3 col. 2-40 Title 


Crd. 4 col. 2 letter " D ! or " В " (not necessary in the expanded 


CDC-Cybernet version ) 
col.14-21 reference resistance for the denormalization. 
Crd. 5 and all following cards control the realization and are identical to 
Garis 7. ба, 8b...» ОҒ SYNTHZ. 


In alı coding forms of Fig. B.1,2, and 3, the essential data goes into the unshaded 


part of the forms. In the shaded portions, the user may insert any convenient 


information. This aids the identification of data cards in the deck. Most of 
this data in shaded areas will also te duplicated on the printer but otherwise 


ignored. A typical print-out of a resulting bandpass circuit is shown in Fig. B.4 
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Figure B. 4 The Typical X==::2=+:-= 2: з 3ancpass Circuit 


Design Tables 
for 


Inverted Chebyshev Filters 


(These Tables were calculated and compiled by F.W. Shepherd) 
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Appendix D. Computer Program for the Zdunek Transformation 


// GPTICN LINK«NOLISTX$4NODUMP 
// EXEC FFORTRAN 


e ооо G O cn O СУ 


KEARSE EERE SEE EE EERE ES 
ж 

ж ZDUNEK TRANSFORMATICN ж 
ж LCWPASS ТО LOWPASS * 
ж AUTHOR Fo ho SHEPHERD * 
* * 
* ж 


ЕЕК d ó x doe жж x* 


REAL K 


1000 РОКМАТ (А4, 2Е11, 1) 
1001 ҒОҚМАТ(//,17Х»)"5-Р(АМЕ“,15Х,%5Т-РІ АМЕ", /, 1ЗХ» 'REAL', ВХ, ' ТМАС. #9 


1002 FORMAT(*10MEGA(Z) =',Е1 2о 8,4Х, 'OMEGA(I) 


1003 
1004 
1005 


20 


21 
22 
23 


25 


30 
35 
+0 


45 


60 


1 


ТХ, "ВЕА:" › ВХ," IMAGo * »/) 


ҒОКМАТ(3Х,А4,3Х,4Ғ12.8) 
ҒОНМАТ(34Х,2Ғ12.8) 
FORMAT(/) 


DATA LBL1/'SKIP'/ 

DATA LBL2/*'END “/ 

READ (131000)LABEL „07 ОТ 
K-SQRT((1o *OI )/(1o +07) ) 
МЕТТЕ(3,1002)07,01,К 
WRITE(3$1001) 


READ(1,1000)LABEL, SR, 51 
IF(LABEL-LBL1L)21222,21 
IF(LABEL-LBL2)23,60,23 
WRITE(3,1005) 

GC TO 20 

CCNTINUE 

XR=SR 
ІҒ(51-1000- 0) 30,25,25 
SIN=0.0 

SR=K 
WRITE(3,1004)SIN,SR 

GO TO 20 

51М-51-07 

510-51-01 
IFISRJ4O,35,40 
SR=SQORT(SIN/SID) 
SIN=0.0 

GO TO 45 

CALL CDIV(SReSINsSRsSID) 
CALL CROOT(SR,SIN) 
SIN=-ABS(SIN) 

SIN=K*SIN 

SR=K*SR 

WRITE (3, 1003) LABEL „XR,SI,SIN,SR 
GO TO 20 

CALL EXIT 

END 
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— 
— 


",Ғ1228,4Х, °K ='1,F12.8) 


LLAPLLA UIY' 1UL 


nc 


SUBROLT i | 
xeioovtcecepen) Ee) 
Y-X*(A*C«BX*D) 
8-Х%(В%С-АжГ) 

A=Y 

RETURN 

END 


SUBROUTINE CRCOT(X,Y) 


oon 


SUBRCLTINE CROOT(X,Y) 
Н-5ОНТ(хехеүжү) 
ІҒ(Ү)10,20,20 
10 Yz2SQRT(O,5*(R-x)) 
X--SQRT(0,5*(Re«x)) 
GO TO 30 | 
20 YzSQRT(OS 5*(R-x)) 
X=SCRT(O. 52 (в +х)) 
30 RETURN 
END 
/* 
// EXEC LNKEDT 
// EXEC 


THE FOLLOWING INPUT DATA ARE TAKEN FROM 
THE RESULTS ARE SHOWN IN FIG. Y. 13 


0. 958140 16596552102 
Е(5) - 95814 
-.619151 
0.0 
О. 615151 
0. 55614 
SKIP 
P(S) 3. 04 764878 
959995, 
-3, 0476488 
- 1. 969521 
-1.887С8 
SKIP 
Е(5)-0.13550108-120130606 
-0. 42273273-. 72558889 
-0. 60042398 
- 0, 428732730. 12958885 
—0 Í 135501081. 07306C6 
END 
/* 
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(CE-1) 











0,853679 
0,756312 
0,701 066 
0,063868 
0,635087 
0,611910 
0,592547 
0,575945 
0,561430 
0,548547 
0,466127 
0,419747 
0,387 648 
0,363213 


0,397 227 
(0,378437 
0,368350 
0,361589 
0.356544 
0,352550 
0,349 281 
0,340473 
0,344 060 
0,341938 
0,328 763 
0,321 626 
0,316787 
0,313153 


+ Bas} 


—_ -— ` = ——— SS  À—— ——— — 


0,691440 
0,616598 
0,574224 
0,544769 
0,522263 
0,504 093 
0,488 883 


0,475819 


0,464 382 
0,454210 
0.388956 
0,352062 
0,326465 
0,306948 


0,052 R2R 
0,584 569 
0,545 848 
0.518887 
0,408257 
0,481580 
0,467 603 
0,455588 
0,445054 
0,435 888 
0,375291 
0,340035 
0.316986 
0,298655 


Grundgrad п = 6 


0,586807 
0,565 446 
0,553915 
0,546086 
0,540204 
0,535516 
0,531633 
0,528325 
0,525 451 
0,522 912 
0,508 920 
0,498 087 
0,492016 
0,487 411 





— 08,4 


0,050397 
0,588 183 
0,549937 
0,523 482 
0,503 328 
0,487 088 
0,473 509 
0,461855 
0,451656 
0,442596 
0,384327 
0,351183 
0,328012 
0,310207 








kama — 


— 04,5 


0,488504 
0,443 006 
0,417191 
0,398 200 
0,385419 
0,374 285 
0,364905 
0,358847 
0,349776 
0,343478 
0,302 030 
0,279114 
0,282546 
0,240 742 


[1960], 


1,110755 
1,078342 
1,056500 
1,040431 
1,027 602 
1,017172 
1,008307 
1,000657 
0,993 048 
0,952858 
0,931 197 
0,910855 


0,908306 


1,102108 
1,077 333 
1,060576 
1,048037 
1,038084 
1,020872 
1,022806 
1,016874 
1,011568 
0,978 708 
0,961086 
0,940283 
0,940522 


А.Е.0. Band 14 


Heft 10 














= چب‎ ч 
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0,179390 


ó To n (9) — 01,2 + Bus — 03.4 + Виа — 05,6 + Вэв) 
0,01 9,882 52,4 0,568 554 0,234 444 0,523887 * 0,693616 0,380007 · 11285800 ` 
0,02 10,422 55,3 0,510118 0,227812 0,472 893 0,073 496 0,353124 1,092474 
0,03 10,752 57,0 0.476837 0,224125 0,443742 0,662 406 0,334257 1,072671 
0,04 10,993 58,3 0,453618 0,221588 0,423346 0,654819 0,321038 1,059 198 
0,05 11,183 59,3 0,435828 0,219680 0,407 683 0.649087 0,310873 1,049071 
0,06 11,341 60,2 0,421437 0,218111 0,304 024 0,044 408 0,302619 1,041 003 
0,07 11,477 80,0 0,409370 0,218816 0,384 316 0,640681 0,205675 1,034325 
0,08 11,595 61,5 0,398091 0,215707 0,375125 0,037 420 0,289 084 1,028048 
0,08 11,701 62,1 0,389804 0,214 737 0,387 054 0,634577 (0,284 416 1,023716 
0,1 11,797 62,6 0,381 801 0,213875 0,350 805 0,632081 0 279 717 1,018370 
0,2 12,446 86,0 0,820625 0,208343 0,313240 0,616067 0,249046 0,002240 
0,3 12,843 68,1 ‚299069 0,205 198 0,286 400 0,607 111 0,231236 0,977 522 
0,4 13,134 60,7 0,279320 0,202 899 0,267 741 0,600910 0,218622 0,907583 
0,5 13,365 70,9 0,203532 0,201310 0,253329 0,596 178 0,208 833 0,960158 
Grundgrad n = 7 
+ 823) — 44,5 + Bem) | 
0,01 12,341 56,1 0,490144 0,478 738 0,386 733 0,435 468 0,760875 0,317813 1,113506 | 
0,02 12,927 58,8 0,441209 0,431 820 0,377 574 0,395554 0,742475 0,292533 1,083849 
0,03 13,283 60.4 0,413255 0,404 981 0,372428 0,372602 0,732246 0,277977 1,067 480 
0,04 13,542 61,6 0,393 719 0,380193 0,368861 0,356 482 0,725210 0,267737 1,058292 
0,65 13,746 62,5 0,278 737 0,371767 0,366 138 0,344 008 0,719872 0,250830 1,047 855 
0,06 13,916 63,3 0,366 605 0,300076 0,363 940 0,333 081 0,715584 0,253412 1,041115 
0,07 14,061 63,9 0,356425 0,350250 0,382008 0,325401 0,712009 0,247 083 1,035522 
0,08 14,188 64,5 0,347 665 0,341 804 0,360514 0,318164 0,708947 0,243311 1,030756 
0,0% 14,301 65,0 0,339 982 0,334 584 0,350 126 0,311721 0,706273 0,230187 1,026613 
0,1 14,403 85,5 0,333 144 0,327 777 0,357 891 0,305975 0,703 001 0,235 504 1,022853 
0,2 15,093 68,6 0,288098 0,285025 0,349 900 0,268533 0,688 730 0,211353 0,990075 
0,8 15,514 70,5 0,263856 0,260 лени U,345310 0,246909 0,680 161 0,197 240 0,087308 
0,4 15,821 71,9 0,246320 0,243535 0,342 083 U,231 626 0,674 195 0,187 202 0,078 858 * 
| 16,064 73,0 0,232016 0,230454 0,330503 0.219946 1,069 025 0,072448 





Appendix F 
A Numerical Pro | i 
cedure to Determine the Element Values of Brune Sections 
Example: Design a lowpass with reflection zeroes at s | = ti, 8 = #2) 
0 B 02 7 
and atten i = 43 
enuation poles at 8.1 = t3], а +4} (all normalized), 


At S = O, a transducer loss A, = 0.2 dB is postulated. 


Solution: 
—— 2 2 2 2 4 
(a) Characteristic function K(s) - (в +1) +2) = ps. 552 +á 
i : | 2 
(в + 3") (87 + 4?) в" + 2567 + 144 


A, = 10 1041111 + K^(0)] = 0.2 dB +C = 7.81527 


(b) Hurwitz polvnomial 
4 


CII.142): -— 
Е (=> 1.008155“ + 3.112928 + 10.1715182 + 15.02263s + 18.85463 





(с) Input impedance and input reactances 


2 + 15.02268 + 14.8546 


= = 
i 
п Ele) + F(s) 2008148" + 3.112983 + 15.171582% 15.02268 + 22.8546 


_ Es) = F(s) _ 0.008158" + 3.1129s? + 5.17158 


Me р F. 0.00815s + 5171587 + 14.8546 
Pon E T ee анаи 
= о о 9.11295" + 75.0596 
"m Fo Во | 3.112953 + 15.12268 
se ЕР ә 008155" + 15.1715“ + 22.8546 J 





e 
- = „+ 
о 
1 8 ща | 70 
"ве 7 (s) Е + Е iB 
Y11 e - = 
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Method in General Numeric. Results 





—————————À e 





| n{a?) n кариера T 7 52 2 
m ad) ^ ald, é+ d, “ed, #4.) [^ с, |" Г 
ccn Т recte ЈА 


4 4|, -z()| ju - 4. АА а PR 


в» - (9 





Homer's Method foa 4--е =-9 — 
n=O |я,-0 |00081539 | 5.775 | 1:896 Inf) 


0.7 IB nm 


wem 
ne ا‎ n y 


2. -0.2 





л^4° + nid + л^„ + 


| 
Er Берат 
тт 









A4 у | (ди 2.21868 
4*9 
а „4 L= 0.4901! 
| г а | 
| | € = 0.2465 
| 
| 
| dow An! + ed! d!-[(d,-An" Yeo d= 1.26229 
| do-An" + od! + d! d^ = [ d, - An" - d! Уе d's 0 
| لىتء وك‎ жч. d! -[ d, = ñ at = di, у die 0 
и | | 
е : = 4 --4?, _ | pa 0.6% 
| 4 4 di 4 + di ate d 4+ di) ; i # T 


ма (по a^» niat n'a ng!) | 0.01968 + 136505 
дла!“ 3 i du) 1.25222 


2-2” | 


< 


The realization is carried out by the decomposition of z where 
oc 
4 2 
п, s +n + 
4 _2 s Do . 4th degree 
2 3 
s(d, s2 + а) Зга degree 








For the numerical calculations, the form shown in Fig. Ғ.1 is quite useful. As 
prepared, this calculation form can be used for ба" (8th degree)/(7th degree) 
reactances. The Z ос above is а special case where ng = nç = d. = d, = 0. The 
numerical values for the others are inserted in their proper locations and the 
calculations are carried out with these numbers. The same form can be used again 
for the reduced impedance Zeg (end degree)/(lst degree) although, manually, опе 


would use a simpler method. 
Based on these calculations the following circuit results: 


wa ти Re 


| 
VES NER NE 3 | | _ cee NET NV 
1) = -0.265 1, = 0.450 1, = 0.645 1, = -0.066 1, = 0.0817 1, = 0.343 
c, = 0.246 cg = 0.765 
w, = 3.0 ws = 4.0 


(e) The turns ratio of the ideal transformer 
Neither from z_ nor from zc the turns ratio t of the ideal transformer can be 


calculated. Two methods are conventionally used to calculate t. The first is 


easier but applies only if there is no attenuation pole at the origin. In this 


case, the transmission network is a through connection at s - 0. Then from, 


2. 
іп 
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which yields in the numerical example 


2 _ 14.8546 XX 
E 8546 ^ С” 9806 


This method fails if there is an attenuation pole at s + 0 
By the second method, one establishes first a suitable output reactance, for 
instance 


Е _ 2... Ee 7 Fo s 3.112983 + 15.12268 | 
60,2 Уу Е.“ Те 52008158! + 5.171557 + 14,8546 


From z.. 2, the numerical value of the rightmost element is 
5 


lim lz (в) "o P 
s “вс,2`°° Is = t4j ` ‚2 me 
from which one obtains again 
E 
2 6 ИИА = 
Е = 0.527 = 0.651 > t = 0.806 
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